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Liyam James Laraba 

The Role of Hippo Signalling in Merlin Null Tumours of the Nervous System 

Abstract 

Meningiomas and schwannomas are mostly benign tumours of the nervous system that 

currently have no clinically approved treatments apart from surgical resection. The 

tumour suppressor Moesin-Ezrin-Radixin-Like Protein (Merlin) is deleted in 50-60% and 

70% of meningiomas and schwannomas respectively. The Hippo pathway is an 

evolutionarily conserved pathway that has been shown to control tissue size by contact-

mediated growth inhibition. Previous studies have shown that there is aberrant nuclear 

activity of yes-associated protein (YAP) and transcriptional coactivator with PDZ-

binding motif (TAZ), the co-transcriptional activators of the Hippo pathway in Merlin-

null meningioma and schwannoma. Nuclear YAP and TAZ activate transcription, 

primarily by binding to the TEAD family of transcription factors, which has been linked 

to multiple tumour phenotypes. Here we aim to show that aberrant Hippo pathway activity 

in Merlin null meningioma and schwannoma can be targeted either genetically or 

pharmacologically to reduce tumour proliferation. We used a combination of in vitro and 

in vivo approaches, including primary tumour cell culture and Merlin null mouse models, 

to establish the role of Hippo signalling in Merlin null meningioma and schwannoma and 

to identify therapeutic targets. We saw that there was increased nuclear localisation of 

YAP in primary meningioma cells, and that knockdown of YAP or TAZ reduces 

proliferation in both meningioma and schwannoma cells. We used novel inhibitors of 

TEAD palmitoylation which disrupted the interaction between TEAD proteins and 

YAP/TAZ, leading to reduction of proliferation in meningioma and schwannoma. 

Through an RNA sequencing screen, we identified that the cancer stem cell marker 

ALDH1A1 is strongly upregulated in multiple meningioma and schwannoma models; 
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inhibition of ALDH1A1 reduced proliferation in primary meningioma and schwannoma 

cells. YAP and TAZ both transcriptionally activate TEAD family members, leading to 

transcription of genes which drive tumour phenotypes. In summary, we have 

characterised aberrant Hippo pathway activity in Merlin null meningioma and 

schwannoma, exploring the mechanisms by which loss of Merlin drives tumour 

progression, and explored therapeutic options that target such pathways.  This thesis has 

provided evidence that pharmacological disruption of TEAD transcription is an effective 

way of reducing proliferation in Merlin null schwannoma and meningioma, thus provides 

a foundation for further studies testing inhibitors of TEAD palmitoylation in a 

schwannoma and meningioma in vivo mouse models.
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1 Introduction 

 Background 

 

Meningiomas and schwannomas are mostly benign tumours of the nervous system. 

Meningiomas are the most common intracranial tumour and they arise from the middle 

layer of the meninges, a thick membrane that protects and encapsulate the brain and spinal 

cord. Meningiomas are typically intracranial but can be spinal, and have a combined 

incidence of 97.5 / 100 000 based on a review of cases in the United States of America 

(Wiemels et al., 2010). A more recent 2012 review on meningioma epidemiology in the 

United Kingdom revealed meningiomas have an incidence of 5.3 /100 000 person years 

between 1996 and 2008, with incidence being twice as high in women compared with 

men (Cea-Soriano et al., 2012).  Symptoms of meningiomas include but are not limited 

to: pain; changes in vision; headaches; hearing loss and seizures, depending on the site of 

the tumour. Schwannomas arise from Schwann cells, a type of glial cell that provides 

trophic support and myelin to peripheral nerves. Typically, schwannomas are vestibular 

[occurring on the 8th cranial nerve], although they can grow on peripheral nerves such as 

the sciatic nerve or within the brachial plexus. Vestibular schwannomas have an incidence 

of 1.2 / 100 000, based on cases in the United States of America (Babu et al., 2013). In 

the UK, at the time of writing, studies have only assessed schwannoma epidemiology 

regionally. One such study by Evans et al investigated schwannoma incidence in the 

north-west of England (4.1 million people) and found that incidence was 1.4 / 100 000 

(Evans et al., 2005). Symptoms of schwannomas include but are not limited to: pain; loss 

of hearing; loss of coordination and balance; facial weakness and paralysis. Paralysis is 

caused by compression of the cranial nerves (Chen et al., 2014). Meningiomas and 

schwannomas are currently treated in similar ways, following diagnosis and monitoring, 

surgical resection occurs if tumours are symptomatic or fast growing, with occasional use 
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of radiotherapy. However, surgery is an intrusive procedure and inaccessible or 

incomplete resection of these tumours can lead to recurrence, progression, further 

morbidity and mortality. 

Since the advent of Hanahan and Weinberg’s “Hallmarks of cancer” (Hanahan and 

Weinberg, 2000, Hanahan and Weinberg, 2011) in 2000, there has been a mass shift in 

focus away from traditional cytotoxic chemotherapies, towards targeted therapies. The 

identification of phenotypes that are unique to tumour cells by Hanahan and Weinberg, 

as well as the development of much more accurate genomic and proteomic analytical 

techniques have allowed targeted therapies become the de facto approach for treating 

tumours pharmaceutically. Targeted therapies aim to disrupt specific genes, proteins or 

stases that facilitate a tumour’s existence or growth. Tumour specific therapies are often 

transferable to other tumours if they share a common genetic background. Loss of 

function of the tumour suppressor gene neurofibromatosis two (NF2) which encodes the 

protein Moesin-Ezrin-Radizin-Like Protein (Merlin) is one such commonality between 

meningiomas and schwannomas. Among a number of roles, Merlin is important for 

modulation of the Hippo pathway, an evolutionarily conserved pathway that controls 

tissue size and is often dysregulated in tumours (Maugeri-Sacca and De Maria, 2018). 

This PhD uses mouse models, human immortalised cell culture and primary cell culture 

with an aim to identify novel therapeutic targets for meningioma and schwannoma. This 

introduction will provide an overview of the tumour suppressor Merlin and the Hippo 

pathway, meningioma and schwannoma, and discuss how targeted therapies are being 

developed for these tumours. 

 The Tumour Suppressor Merlin 

Moesin-Ezrin-Radixin-Like Protein (Merlin) is an actin cytoskeleton-membrane linker 

that is well-characterised as a growth repressive tumour suppressor (Hanemann, 2008). 

Merlin is so called as it shows homology with the Ezrin-Radixin-Moesin (ERM) family 
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paralogues, which all contain a conserved 4.1-Ezrin-Radixin-Moesin (FERM) domain, 

with the FERM domain playing a role in signalling from the cell surface (McClatchey 

and Fehon, 2009). Merlin acts at various cell junctions to transduce signals which lead to 

contact-mediated inhibition of growth. The domain structure and phosphorylation sites of 

Merlin are depicted in Figure 1.1. Encoded by the NF2gene located on chromosome 22q 

12.2, biallelic loss of Merlin was identified in 1993 as causative for the rare autosomal 

dominant genetic condition neurofibromatosis type 2 (Rouleau et al., 1993, Trofatter et 

al., 1993). Patients with neurofibromatosis type 2 develop multiple meningiomas and 

schwannomas throughout their lifetime. In neurofibromatosis type 2, 100 % of tumours 

arise due to loss of NF2, whereas in sporadic cases, biallelic Merlin mutations leading to 

tumourigenesis occur in 50-60% and 70% of sporadic meningiomas and schwannomas 

respectively (Petrilli and Fernandez-Valle, 2016).  

Structurally, Merlin exists in multiple isoforms, with the canonical full length protein 

consisting of 595 amino acids (Cooper and Giancotti, 2014). X-ray crystallography of 

Merlin revealed an N-terminal FERM domain (Shimizu et al., 2002), conserved in ERM 

family members, a common feature of cytoskeletal-membrane scaffold proteins, focal 

adhesion kinases and Janus tyrosine kinases are two examples of other plasma membrane 

associated FERM domain containing proteins, which facilitate integrin and peptide 

hormone signalling respectively. The FERM domain of Merlin is followed by a helical 

domain in the middle of the secondary structure and a regulatory C-terminal domain, in 

which the critical regulatory Ser518 residue is located. The phosphorylation of Ser518 

residue has been shown to be responsible for regulating Merlin’s activity by triggering a 

conformational change to a less active closed conformation (Ye, 2007).  Merlin’s FERM 

domain is distinct from other ERM proteins; it can interact with components of the 

cytoskeleton such as F-actin through its FERM domain, as it lacks this functionality in its 

C-terminal domain (Xu and Gutmann, 1998).  Phosphorylation of Ser518 by p21-
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activated kinase (PAK) or Protein Kinase A (PKA) was found to disrupt the 

intramolecular interactions of Merlin, thus limiting the ability of Merlin to interact with 

various targets (Rong et al., 2004). Merlin activity is also attenuated by phosphorylation 

of other sites; AKT phosphorylates Merlin at residues Thr230 [FERM domain] and 

Ser315 [helical domain], phosphomimetic mutant studies have shown that simultaneous 

phosphorylation of these residues increases motility and proliferation in rat schwannoma 

cells (Ye, 2007). PKA also phosphorylates Merlin at Ser66 which increases the affinity 

of Ezrin to Merlin’s C-terminal domain, facilitating Merlin’s association with the plasma 

membrane (Ye, 2007).  
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Figure 1.1: The domains of the tumour suppressor Merlin. Merlin contains an N-terminal 

FERM domain, a helical domain and a C-terminal hydrophobic tail. The specific residues 

that are phosphorylated by PKA (Ser66 and Ser518), AKT (Thr230 and Ser315) and PAK 

(Ser518) to regulate Merlin’s activity are illustrated.  

 

Since its discovery, studies have well-characterised the way in which Merlin regulates 

tumour suppression in an effort to identify molecular targets for therapies (Cooper and 

Giancotti, 2014). Merlin loss activates a range of downstream signalling pathways such 

as: mitogen-activated protein kinase (MAPK); focal adhesion kinase/Proto-oncogene 

tyrosine-protein kinase (FAK; Src); phosphoinositide 3-kinase/ Protein Kinase B (PI3K; 

AKT); Mammalian Target of Rapamycin Complex One (mTORC1) and Wnt/β-catenin 

(James et al., 2009, Zhou and Hanemann, 2012, Poulikakos et al., 2006). Indeed,  Merlin 

also regulates growth via inhibiting the downstream signals of a variety of receptor 

tyrosine kinases (RTKs) including erythroblastic oncogene B homologue 2 (erbB2), 

erythroblastic oncogene B homologue 3 (erbB3), platelet-derived growth factor receptor 

beta (PDGFR) and insulin-like growth factor 1 receptor (IGF1R) (Ammoun et al., 2012) 

(Haskins et al., 2014, Torres-Martin et al., 2013, Beauchamp et al., 2020). Merlin has 

N C FERM Helical C-terminal 

S66 S518 T230 S315 

PAK PKA AKT 

P P P P 
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been shown to promote PDGFR internalisation and degradation in the schwannoma cell 

line HEI-193 (Fraenzer et al., 2003). Knockdown of Merlin with RNA interference 

increases the expression of these RTKs in mouse Schwann cells and they are also elevated 

in human primary schwannoma cells compared to Schwann cells expressing Merlin 

(Lallemand et al., 2009).  

As well as activating various transmembrane receptors that stimulate mitogenic 

pathways, Merlin also influences cell growth in the cytoplasm. Merlin inhibits Ras 

activation, which reduces mitogen-activated protein kinase (MAPK) activity by 

disrupting the interaction of RAS with growth factor receptor bound protein 2 (GRB2) 

(Zhou and Hanemann, 2012). More recently it has been shown that Merlin interacts with 

Ras and p120 Ras GTPase activating protein, however activation of RAS signalling in 

orthotopic models where primary mouse Schwann cells with Ras knockdown were 

injected into the sciatic nerve did not lead to tumourigenesis (Cui et al., 2019). This shows 

that RAS activation driven by loss of Merlin is not sufficient for schwannoma 

tumorigenesis, and that other mitogenic pathways must be involved. Elevated MAPK 

activity led to increased phosphorylated ERK in Merlin null primary schwannoma cells 

that was enhanced by PDGFR signalling (Fraenzer et al., 2003). Merlin also inhibits the 

RAC1/PAK pathway, which ultimately leads to a reduction in c-Jun N-terminal kinase 

(JNK) signalling by preventing PAK from associating with focal adhesions. (Kissil et al., 

2003). Merlin has also been shown to inhibit the activity of the PI3K/AKT/MTORC 

signalling axis by blocking an interacting between phosphatidylinositol 3-kinase 

enhancer L (PIKE) and PI3K. Furthermore, Merlin null tumour tissue DNA sequencing 

of schwannomas and meningiomas both feature increased phosphorylation and 

expression of AKT (Yesiloz et al., 2017). MTORC1 is also inhibited by Merlin 

independently of upstream MAPK activity; it has been shown that whilst blocking MAPK 

activity with chemical inhibitors, MTORC function could still be blocked by knockdown 
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of Merlin (James et al., 2009). These complex sets of signalling pathways are described 

in figure 1.1. The importance of Merlin in the context of the Hippo pathway will be 

discussed in Section 1.3.4. 
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Figure 1.2: Signalling pathways affected by loss of Merlin. Here we show the various 

pathways that have been identified in the literature as dysregulated following loss of 

Merlin. Green arrows represent the activation of a pathway, whereas red crosses represent 

proteins being inhibited following loss of Merlin. Black arrows represent the end result 

of the pathway that contribute to tumour phenotypes. The growth factor receptors 

erythroblastic oncogene B homologue 2 (erbB2), erythroblastic oncogene B homologue 

3 (erbB3), platelet-derived growth factor receptor beta PDGFR and insulin-like growth 

factor 1 receptor (IGF1R) have all been shown to be activated following loss of Merlin. 

Growth factor receptors stimulate downstream signalling through pathways such as the 

phosphoinositide 3-kinase/ Protein Kinase B (PI3K; AKT), which activates Mammalian 

Target of Rapamycin Complex One (mTORC1). Activation of Ras and downstream 

signalling in the mitogen-activated protein kinase (MAPK) pathway leads to 

phosphorylation of MAP3K (RAF), MAP2K (MEK) which phosphorylates MAPK 

(ERK). In addition, Focal-adhesion kinase (FAK), can activate Wnt signalling and lead 

to nuclear localisation of β-catenin. Transcription can also be driven by p21-activated 

kinase activating NF-κB signalling. Loss of Merlin leads to an increase in CRL4/DCAF1-

mediated degradation of large tumour suppressor kinase 1/2 (LATS1/2), leading to 

nuclear accumulation of yes-associated protein (YAP) and Transcriptional coactivator 

with PDZ-binding motif (TAZ). These pathways have all been shown to be activated 

following loss of Merlin and subsequently been linked to tumour phenotypes. 
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The phosphorylation of Ser518 is the main regulatory modification that attenuates 

Merlin’s activity by giving rise to a more closed conformation, the closed conformation 

leads to deactivation of Merlin and a failure to suppress growth. (Rong et al., 2004, 

Cooper and Giancotti, 2014). Work done in a rat schwannoma cell line has shown that 

reintroduction of Merlin suppresses schwannoma cell growth (Morrison et al., 2001a), 

Merlin was found to form a complex with the cytoplasmic tail of CD44 to facilitate 

growth-suppressive signalling. Merlin can be phosphorylated by p21-activated kinase 

(PAK) following a signal by RAC1 (De Maria, 2017). Additionally, PKA can 

phosphorylate Merlin at S10 which disrupts interactions with the actin-cytoskeleton (Ye, 

2007). More recently, protein-protein interaction studies with mutant variants of Merlin 

has led to identification of novel binding partners such as apoptosis-stimulated p53 

protein 2 (Hennigan et al., 2019). The molecular studies with mutant forms of Merlin are 

continuing to identify the way in which Merlin transduces signals from the various types 

of cell junctions to regulate cell growth.  

Loss of Merlin has been seen reported in subsets of schwannoma, meningioma 

osteosarcomas, mesothelioma, renal carcinoma and hepatocellular carcinoma (Harvey et 

al., 2013). For example in mesothelioma, Merlin is inactivated in 21% of tumours and 

50% of mesotheliomas were found to have acquired somatic NF2 mutations during or 

after tumourigenesis (Sekido, 2011). Meningiomas and schwannomas that are the result 

of neurofibromatosis type 2 all have one germline mutation in NF2 and the consensus of 

studies is that the other copy of nf2 is mutated in >70% of tumours screened (Ruggieri et 

al., 2016). The genetics shown in meningioma and schwannoma are consistent with 

Knudson’s two-hit hypothesis which states that genes require two mutations before a 

phenotype is seen (Knudson, 2001). It is likely that all schwannomas and meningiomas 

found in neurofibromatosis type 2 patients feature biallelic loss of Merlin. Similarly, nf2 

is frequently mutated and biallelic loss occurs in about 50-60% and 70% of in sporadic 
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meningioma and schwannoma cases respectively (Yuzawa et al., 2016, Havik et al., 

2018).  

 The Hippo Pathway 

 

The Hippo pathway is an evolutionarily conserved signalling cascade that maintains 

tissue and organ size in a variety of organisms from drosophila to humans. Although 

components of the pathway were identified earlier, the Hippo pathway was formally 

established in 2003 by Udan et al and was so called due to the phenotype seen on the 

heads of Hippo knockout Drosophila (Udan et al., 2003). The mammalian orthologues of 

Hippo are the macrophage stimulating protein kinases 1 and 2 (MST1/2). In the following 

paragraphs, I will give an in-depth overview of the mammalian Hippo pathway and its 

role in responding to cell-cell contacts (1.3.1), its role in cancer (1.3.2) and its significance 

in Merlin null meningioma and schwannoma tumour types (1.3.3). 

1.3.1 Pathway Overview 

 

Hippo signalling is active when a tissue has grown to fill its compartment, and acts to 

prevent aberrant growth once development is complete, although the pathway may be 

deactivated following injury, allowing for tissue repair to the affected compartment 

(Maugeri-Sacca and De Maria, 2018). The pathway centres around a core kinase cascade 

whereby upstream signals will lead to cytoplasmic retention or nuclear translocation of 

the co-transcriptional activators Yes-associated protein (YAP) and transcriptional co-

activator with PDZ-binding motif (TAZ) (Figure 1.2) (Maugeri-Sacca, 2018). When the 

kinase cascade is active, the pathway is considered “on”, which means that YAP and TAZ 

are transcriptionally inactive. Mechanistically, an upstream signal causes MST1/2 to 

phosphorylate large tumour suppressor kinase 1/2 (LATS1/2), which in turn will 
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phosphorylate the Ser132 residue of YAP and the Ser89 residue of TAZ. Phosphorylation 

of YAP and TAZ leads to their cytoplasmic sequestration by 14-3-3 proteins and 

subsequent ubiquitin mediated proteasomal degradation by the E3 ligase SCF complex 

-TrCP (Zhao et al., 2007, Shanzer et al., 2017).  Nuclear YAP and TAZ do not bind 

DNA directly. When the kinase cascade is inactive, YAP and TAZ remain 

unphosphorylated and translocate to the nucleus where they act as transcriptional co-

activators and drive transcription of genes associated with proliferation and evasion of 

apoptosis (Maugeri-Sacca and De Maria, 2018).  

Structurally, YAP and TAZ are paralogues, they share 46% amino acid sequence 

homology (Tang et al., 2018) and feature many conserved domains and motifs (Figure 

1.3). Both proteins feature a TEAD binding domain at their N-terminus, which is the 

binding site for the canonical transcription factors associated to Hippo signalling: TEA-

domain family members 1-4 (TEAD1-4). This is followed by a 14-3-3 binding domain in 

both YAP and TAZ, which is required for cytoplasmic retention. However, YAP and 

TAZ structure do differ in some elements as the YAP protein contains two conserved 

WW domains compared to TAZ’s one. The WW domain is a site of protein interaction, 

typically with proline-rich motifs, so called due to the presence of two conserved 

tryptophan residues. The presence of one or two WW domains results in different 

affinities to various cytoplasmic interactors or nuclear transcription factors separate from 

TEAD1-4 (Cooper and Giancotti, 2014). For example YAP’s two WW domains 

facilitates interaction with the PY motif of RUNX1/2 whereas TAZ’s one domain allows 

for interactions with nuclear -catenin (Cooper and Giancotti, 2014). The WW domains 

contain the corresponding serine residues, which are phosphorylated by LATS1/2 when 

the Hippo pathway is active. At the C-terminus of YAP and TAZ there is a transactivation 

domain which is also the site at which proteasomal degradation of both proteins is 

initiated (Piccolo et al., 2014). 
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1.3.2 Hippo Pathway and Contact Inhibition 

Contact inhibition is the process by which cell division is inhibited due to contacts with 

neighbouring cells (Gumbiner and Kim, 2014, Zhao et al., 2007). In the context of both 

development and tumourigenesis, contact inhibition must be overcome for proliferation 

and tumour growth to occur.  In 2007, Zhao et al first showed that the Hippo pathway 

was implicated in cell-cell contact inhibition; they showed that signals transduced from 

the cell membrane leads to the phosphorylation of YAP by LATS1/2. They hypothesised 

that the plasma membrane protein FAT tumour suppressor homolog 4 (FAT4) may 

dimerise with neighbouring cells to recruit Merlin to the membrane and facilitate 

activation of the core kinase cascade in the Hippo pathway by recruiting and acting as a 

scaffold for MST1/2 and LATS1/2 (Zhao et al., 2007). Since then, other studies have 

shown that cell-cell contacts lead to Hippo pathway activation through adherens junctions 

and β-catenin interacting with Merlin (McClatchey and Yap, 2012). Merlin is also 

recruited to tight junctions by angiomotin which again facilitates the Hippo pathway 

kinase cascade (Yi et al., 2011). In vitro studies have shown that Merlin also mediates 

contact inhibition through the cytoplasmic tail of the transmembrane hyaluronic acid 

receptor CD44 (Morrison et al., 2001b), association of Merlin to the CD44 cytoplasmic 

tail was shown to block MAPK pathway signalling in Schwann cells.  

In the context of the peripheral nervous system, cell-cell contacts are vital during nerve 

development and repair. In peripheral nerves, Schwann cells will associate to axons in a 

1:1 ratio and begin myelination; alternatively, one Schwann cell will associate with 

multiple small-diameter axons but will not myelinate, this is known as a Remak bundle 

(Jessen and Mirsky, 2019). Schwann cells provide trophic support to axons, whilst 

myelinating Schwann cells allow for rapid saltatory conduction of electrical nerve signals 

that jump between nodes of Ranvier (Jessen et al., 2015). The stages of Schwann cell 

development in the peripheral nervous system are described in Figure 1.3. During 
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development, myelinating Schwann cells form autotypic, intracellular tight junctions with 

the adjacent lamellae in membrane regions of non-compacted myelin, these tight 

junctions are required for efficient salutatory conduction as mice lacking claudin -19, a 

tight junction component, had deficient nerve conduction in myelinated axons (Miyamoto 

et al., 2005). Additionally, loss of Merlin in mouse Schwann cells was shown to lead to 

abnormal organisation in the paranodal regions adjacent to the nodes of Ranvier, these 

nerves also had abnormal Schmidt-Lanterman incisures, which are small pockets of 

cytoplasm that remain after the Schwann cell has myelinated an axon (Denisenko et al., 

2008). Upon nerve crush injury, both non-myelinating and myelinating Schwann cells 

undergo de-differentiation into repair Schwann cells and disassociate from their 

associated axons, as axons degenerate in areas distal to the crush site (Jessen et al., 2015). 

Repair Schwann cells will clear debris, proliferate and migrate towards the distal stump 

in order to guide regenerating axons growing from the proximal side of the nerve injury. 

When Merlin is deleted in Schwann cells and a nerve crush injury is performed, Schwann 

cells become completely unable to effectively adopt the repair phenotype, but instead 

over-proliferate and show histological hallmarks of schwannoma development (Mindos 

et al., 2017b); this will be discussed further in 1.5.1. We hypothesised that in the context 

of nerve injury and in the absence of Merlin, one explanation for the hyper-proliferation 

and nerve repair failure, leading to hallmarks of schwannoma tumourigenesis, is that 

Schwann cells are unable to appropriately transduce signals from cell-cell contacts, 

causing them to remain in a proliferative state and be unable to re-differentiate and 

support axons again, thus they remain in a mitogenic state. 
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Figure 1.3: Adapted from Jessen et al, 2015. Stages of Schwann cell development. 

During development, Schwann cells will adopt either a non-myelinating phenotype and 

will associate with multiple axons in a Remak bundle. Alternatively, Schwann cells will 

myelinate a large diameter axon to allow for saltatory conduction between nodes of 

Ranvier, allowing for rapid conduction of nerve signals. Upon nerve injury, both non-

myelinating Schwann cells and myelinating Schwann cells de-differentiate into a repair 

Schwann cell in order to clear debris, proliferate and guide regenerating axons back to 

their distal targets. 
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Figure 1.4: Overview of Merlin’s influence on the mammalian Hippo Pathway.  Merlin 

is recruited to tight junctions and adherens junctions to facilitate activation of MST1/2. 

Merlin also acts as a scaffold for the core kinase cascade of the Hippo pathway that results 

in phosphorylation of YAP and TAZ. In the nucleus, Merlin inhibits CRL4DCAF1 which 

prevents ubiquitination and degradation of LATS1/2. Loss of Merlin results in non-

phosphorylated YAP and TAZ translocating to the nucleus and activating transcription 

through various associated transcription factors (eg TEAD1-4). 
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Figure 1.5: The structural features of the Hippo effector paralogues, YAP and TAZ. The 

second WW domain within the structure of YAP alters the range of transcription factors 

and regulatory proteins that these paralogues may interact with. Adapted from Piccolo et 

al, 2014.   
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1.3.3 Upstream Signalling and Merlin 

As a regulator of organ and tissue size, the upstream signalling that activates the core 

kinase cascade of Hippo signalling is primarily regulated by cell density (Maugeri-Sacca 

and De Maria, 2018). At adherens junctions, which link the E-cadherin transmembrane 

protein to cells via their actin cytoskeleton, -catenin interacts with 14-3-3 proteins to 

allow cytoplasmic sequestration of YAP (Yang et al., 2015). At the impermeable tight 

junction barriers, CRB3 is the mammalian homologue of Crumbs in Drosophila, and 

forms a complex which recruits various proteins including angiomotin and Merlin (Mao 

et al., 2017). Merlin is a cytoskeletal linker that utilises its FERM domain to scaffold 

Hippo pathway components with various cell junctions, facilitating signal transduction. 

Merlin is well-characterised as a facilitator of the interaction between angiomotin and 

MST1/2, which activates MST1/2 to phosphorylate LATS1/2, leading to YAP/TAZ 

cytoplasmic retention (Cooper and Giancotti, 2014). Another role for Merlin is in the 

nucleus where it has been shown to inhibit the ubiquitination of LATS1/2 by the E3 ligase 

CRL4DCAF1 (Li et al., 2010). In the absence of Merlin, LATS1/2 becomes ubiquitinated 

and is subject to degradation, thereby it cannot phosphorylate YAP and TAZ, resulting in 

an increase in their nuclear activity.  

1.3.4 Hippo Signalling in Meningioma and Schwannoma 

The somatic mutation theory of cancer states that cancer is a disease of genomic 

instability and that mutations in DNA give rise to transformed cells that drive 

tumourigenesis and progression (Fisher, 1958). However, we now know that epigenetic 

transcriptional inactivation of Merlin along with mutational inactivation are both drivers 

of tumourigenesis in sporadic meningioma and schwannoma (Lomas et al., 2005, 

Gonzalez-Gomez et al., 2003). 

Recent reviews have shown that aberrations in the Hippo signalling pathway play a role 

in the tumourigenesis and progression of multiple cancers (Maugeri-Sacca et al., 2018, 
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Kim and Kim, 2017, Moroishi et al., 2016, Mo et al., 2014, Felley-Bosco and Stahel, 

2014, Petrilli and Fernandez-Valle, 2016). Although other mutations within the Hippo 

pathway exist, loss of the nf2 gene has been well-characterised in multiple tumour types, 

in particular, mesothelioma, meningioma and schwannoma (Sourbier et al., 2018, 

Miyanaga et al., 2015, Striedinger et al., 2008, Scherer and Gutmann, 1996). In the wider 

literature, aberrant Hippo signalling, leading to nuclear YAP and TAZ, have been shown 

to drive multiple tumour phenotypes (Mo et al., 2014). For example, when undergoing 

epithelial mesenchymal transition, YAP is required to interact with TEAD to drive 

expression of N-cadherin and vimentin, which facilitates the metastasis of breast cancer 

cells (Lamar et al., 2012). YAP and TAZ have also been implicated in conferring drug 

resistance, for example YAP driven CTGF expression provides resistance to paclitaxel in 

osteosarcoma cells by activating the expression of micro-RNAs and angiogenic factors 

such as Angiopoietin 2 (Tsai et al., 2014). 

Given that Merlin is a tumour suppressor that has been shown to be important for many 

processes that converge on the Hippo pathway effectors YAP and TAZ, the wider 

literature has looked to identify the modulatory effect that nuclear YAP and TAZ have 

on transcription in order to drive tumour phenotypes. However in meningioma and 

schwannoma, published studies have focused on the effects which YAP and TAZ have 

as drivers of proliferation (Striedinger et al., 2008). For the development of targeted 

therapies one needs to understand the transcriptional changes that elevated nuclear YAP 

and TAZ proteins are eliciting in these tumours. 

Knockdown studies by Striedinger et al in cell lines have revealed that loss of NF2 results 

in elevated proliferation of both meningioma cell lines and their untransformed 

arachnoidal cell counterparts (Striedinger et al., 2008). Loss of Merlin also resulted in 

increased nuclear localisation of the downstream effector YAP. Interestingly, when 

Merlin and YAP were knocked down together, this ameliorated the increased 
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proliferation phenotype seen when knocking down Merlin alone. This suggests that in 

Merlin null meningioma, increased activity of the Hippo pathway paralogues YAP and 

TAZ are important drivers of proliferation. There is also evidence that when analysing 

the immunohistochemical expression of the proliferation marker Ki-67 in 170 resected 

meningiomas, Merlin null meningiomas were more proliferative than Merlin positive 

meningiomas (Pavelin et al., 2014). 

 In schwannoma, there is evidence that loss of Merlin increases the transcriptional activity 

of YAP and TAZ is through the inhibition of CRL4DCAF1 (Li et al., 2010). Whilst there 

are limited studies on the effect of Hippo signalling in schwannomas, loss of YAP in 

NF2-deficient Schwann cells has been shown to lead to apoptosis (Guerrant et al., 2016). 

The study by Guerrant et al showed that YAP regulates the expression of cyclooxygenase-

2 and amphiregulin, resulting in epidermal growth factor receptor (EGFR) signalling that 

drives cell proliferation. Perhaps the most comprehensive study assessing the Hippo 

pathway in schwannoma was conducted by Boin et al in 2014. This study used a variety 

of proteomic arrays in 68 human schwannomas to evaluate various signalling pathways 

such as RTK signalling (Boin et al., 2014). Their study revealed that expression of 

transcriptionally active YAP was positively correlated with the PDGFR receptor and the 

proliferation marker Ki67. Additionally, ErbB2 and ErbB3 expression levels were also 

positively correlated to YAP expression. In addition this study was conducted when all 

schwannomas were assumed to be Merlin-deficient (see 1.4.1), now known not to be the 

case (Havik et al., 2018), which may have diluted the positive correlation seen between 

YAP and the RTK driven proliferation in these schwannomas.  
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1.3.5 Drugs Targeting the Hippo Pathway 

Many drugs have been developed to target aberrant Hippo signalling in tumours, drugs 

being developed or repurposed to target the association of YAP and TAZ with the TEAD 

family members (Calses et al., 2019). The focus of small molecule disruption of YAP and 

TAZ are defined into two categories. The drug verteporfin which is marketed as Visudyne 

has been shown to disrupt the interaction made between YAP or TAZ with TEAD family 

members. There is evidence in multiple tumour types that verteporfin can reduce the 

mRNA and protein expression levels of CTGF, a target of both YAP and TAZ (Liu-

Chittenden et al., 2012, Felley-Bosco and Stahel, 2014). Verteporfin is a porphyrin ring 

derivative that until recently has had little competition in the realm of YAP-TEAD 

inhibition. Conversely, Wang et al report that verteporfin’s mechanism of action is not by 

YAP-TEAD inhibition but by upregulation of 14-3-3 which leads to increased 

sequestration of YAP in the cytoplasm (Wang et al., 2016). Verteporfin is considered a 

toxic drug that is known to induce damaging oligomerisation of proteins that lead to 

cellular damage. Another compound named CA3 has been shown to target the YAP-

TEAD interaction (Maugeri-Sacca et al., 2018). Another focus in disruption of YAP/TAZ 

driven transcription is through inhibition of the conserved sites of palmitoylation in the 

TEAD family members (Chan et al., 2016). Palmitoylation is a post-translational 

modification that attaches the fatty acid palmitate to threonine, serine or cysteine residues. 

Typically, palmitoylation influences the trafficking of proteins to subcellular locations, 

but in the case of TEADs, palmitoylation facilitates the interaction of the TEAD protein 

with YAP or TAZ. Palmitoylation of TEADs is also required for their protein stability 

(Noland et al., 2016)(Kim and Gumbiner, 2019).  

The pharmaceutical company Vivace Therapeutics Inc. is currently developing small 

molecules that target TEAD palmitoylation as a method for inhibiting YAP and TAZ 

driven transcription. These molecules are described as fluorene-oxime compounds but 
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information is limited as they are under patent (Calses et al., 2019). Other efforts to target 

YAP/TAZ driven TEAD transcription include development of cyclic peptides such as 

vgll4 that competitively inhibit YAP’s binding interaction with TEAD family members 

(Jiao et al., 2014). Mechanistically such a cyclic peptide acts as an antagonist for TEAD 

family activation by competing for TEAD binding. Development of YAP and TAZ 

inhibitors is ongoing and likely will offer clinical improvements in tumours where the 

Hippo pathway is dysregulated. 

 

 

1.3.6 The Biology of Meningioma and Schwannoma 

Recent advances in sequencing and profiling techniques are painting an increasingly 

complex and heterogeneous genomic and epigenetic landscape for schwannomas and 

especially meningiomas (Lomas et al., 2005, Gonzalez-Gomez et al., 2003, Yuzawa et 

al., 2016, Havik et al., 2018). Currently, Merlin is still the primary differentiator for 

stratification of these tumours at the level of gene expression and represents an 

opportunity for the identification of targeted therapies common to a large proportion of 

patients. However, it is important to consider the spectrum of known other mutations 

that these tumours harbour, some of which co-occur with Merlin loss. Data such as site 

of mutation or methylation status are only just beginning to be correlated with clinical 

factors such as anatomical location or histological subtype. It is important to be aware 

of and integrate this data with the clinical picture in order to best stratify treatment. 
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 Overview of the Clinical Treatment and Biology of Meningiomas and 

Schwannomas  

Meningiomas and schwannomas are tumours which either occur sporadically or as part 

of the tumour predisposition syndrome neurofibromatosis type 2, in which the individual 

is also predisposed to ependymomas, which are tumours of the cerebrospinal fluid 

producing ependymal cells of the spinal cord and brain. Schwannomas also occur in 

schwannomatosis patients who are deficient in either SMARCB1 or Leucine zipper-like 

transcriptional regulator 1 (Ruggieri et al., 2016). The following sections in this chapter 

will focus on the current clinical status of meningiomas and schwannomas of both 

sporadic and neurofibromatosis type 2 presentation.  

 

1.4.1 Clinical Treatment of Meningiomas 

36% of all brain tumours are meningiomas, making them the most common intracranial 

brain tumour (Willis et al., 2005). Meningiomas arise from the arachnoidal layer of the 

meninges, which is the middle layer between the exterior dura mater and interior pia mater 

that encapsulate the brain and spinal cord. The arachnoidal layer is so-called as its web-

like protrusions attach to the pia mater. Meningiomas are thought to originate from 

arachnoidal cap cells which reside within the arachnoid villi which function to absorb 

cerebrospinal fluid (Marosi et al., 2008).  Meningiomas appear in a variety of locations 

within the meninges but most commonly in the convexity, parasagittal or sphenoid 

regions (Willis et al., 2005). 64% of all meningiomas are classified as World Health 

Organisation (WHO) grade I benign tumours and are termed meningiothelial, fibrous or 

transitional. 34% of meningiomas are WHO grade 2 tumours classified as atypical, clear 

cell or chordoid. These meningiomas often contain histological features such as increased 

cellularity and high nucleus to cytoplasm ratio. The remaining 2% of meningiomas are 

malignant WHO grade 3 anaplastic meningiomas which are either rhabdoid or papillary. 
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Rhabdoid meningiomas are generally larger, whereas papillary meningiomas tend to 

grown along blood vessels (Mawrin et al., 2015, Kshettry et al., 2015). The primary care 

approach to meningiomas is to surgically resect the tumour with post-surgery 

radiotherapy where appropriate. Complete resection is often unachievable due to the 

location of the meningioma, such as if a meningioma is located in the posterior fossa 

which is associated to the brainstem and cerebellum (Gousias et al., 2016). Grade I 

meningiomas can be asymptomatic and are often found incidentally during other clinical 

investigations. Often for these tumours, a watch and wait strategy is employed to monitor 

tumour growth and neurological symptoms before a resection is considered (Gousias et 

al., 2016).  

1.4.2 Clinical Treatment of Schwannomas 

The Schwann cell is the cell of origin for schwannomas. Schwannomas occur 

spontaneously or due to neurofibromatosis type 2. Vestibular schwannomas form on the 

eighth cranial nerve and are the most common type of schwannoma.  Bilateral vestibular 

schwannomas are a common presentation in neurofibromatosis type 2 patients (Halliday 

et al., 2019), Spinal and cutaneous schwannomas are less common presentations. 

Vestibular schwannomas may compress the vestibular nerve which leads to hearing loss, 

dizziness and imbalance. Similar to meningiomas, surgical resection and radiotherapy are 

the primary approaches to these tumours. Cochlear implants are also common to mitigate 

against loss of hearing. Similar to meningiomas, monitoring, resection with adjunct 

radiotherapy are the primary treatment options for schwannoma (Apicella et al., 2016).  

1.4.3 Drug Treatments and Clinical Trials 

The MTORC1 inhibitor Everolimus is currently in a phase 2 trial for treatment of 

vestibular schwannomas and meningiomas (Graillon et al., 2020). Previous phase I trials 

with Everolimus showed a modest retardation in tumour growth in meningioma and 

shrinkage of tumours in 3 out of 11 schwannomas, however this did not improve hearing 
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(Goutagny et al., 2017). A combinatorial phase 2 trial using Everolimus and bevacizumab 

did not see an increase in efficacy but there were increased toxicity events (Shih et al., 

2016) 

There have also been various clinical trials testing the efficacy of a variety of RTK 

inhibitors against Merlin-deficient tumours, including nilotinib, imatinib and sorafenib. 

Previous phase 2 trials have yielded limited success, imatinib was well tolerated and 

achieved sufficient plasma levels but was not significantly efficacious (Wen et al., 2009). 

Clinical trials of the drugs nilotinib and lapatinib, which inhibit platelet-derived growth 

factor receptor beta (PDGFR) in vestibular schwannoma patients have been completed 

or are still in progress (Paldor et al., 2017). There is also potential for combinatorial 

therapy with nilotinib and the MEK inhibitor selumetinib (Ammoun et al., 2010). A phase 

2 trial with selumetinib alone is currently active.  

The EGF receptor (EGFR) has also been targeted in recurrent meningioma by the drugs 

gefitinib and erlotinib in a phase 2 trial (Norden et al., 2010); again no significant efficacy 

was seen although the drugs were tolerated well with few adverse side effects reported 

by patients. Multiple clinical trials of various therapies for meningioma and schwannoma 

have yielded modest results. More recently, trials have focused on combinatorial 

treatments that may boost efficacy or bypass resistance mechanisms resulting in better 

clinical outcomes such as the recent study combining Everolimus and octreotide, 

conducted by the Kalamarides group (Graillon et al., 2020). 

1.4.4 Genetic Alterations in Schwannoma 

In Merlin null tumours, the type of genetic alteration in the Merlin gene has been proven 

to influence the clinical picture. A truncated form of Merlin is the result of a frameshift 

or nonsense mutation in the coding sequence. This truncated form is associated with a 

more severe schwannoma that grows faster, leading to patients having a higher tumour 
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burden, compared to in frame mutations or deletions that result in complete loss of Merlin 

protein? (Ruggieri et al., 2016) 

Until 2016 and the release of a seminal study by Agnihotri et al, all schwannomas were 

believed to be Merlin-deficient. This robust study used whole-exome sequencing in 125 

sporadic schwannomas followed by methylation profiling and identified that 77% of 

schwannomas harboured mutations that led to inactivation of Merlin. The other mutations 

identified in these schwannomas were those of AT-rich interaction domain (ARID) 

family members (29%) which are components of the SWI-SNF complex, which is 

responsible for chromatin remodelling. The receptor tyrosine kinase DDR1 was also 

mutated in 11.2% of cases, the mutation seen has previously been reported to be hyper 

activating in KRAS driven lung adenocarcinoma (Ambrogio et al., 2016). The other 

major genomic rearrangement was a novel protein resulting from the fusion of the serine 

protease HTRA1 and SH3PXD2A, which was shown to increase levels of phosphorylated 

ERK and proliferation. The discovery of Merlin positive schwannomas means our view 

of this putatively homogenous population of sporadic tumours needs to be re-assessed. It 

also means that retrospective studies that took biallelic inactivation of nf2 for granted 

may need to be revisited. 

1.4.5 Genetic Alterations in Meningioma 

Unlike schwannomas, meningiomas were never thought to be exclusively Merlin 

negative; the consensus in the literature is that 50-60% of sporadic meningiomas feature 

inactivation of Merlin (Petrilli and Fernandez-Valle, 2016). A genomic analysis of 553 

meningiomas by Yuzawa et al in 2016 provided important insights into the mutations that 

drive Merlin positive tumours (Yuzawa et al., 2016). It is of note that in meningioma, 

some mono-allelic mutations at other loci co-occur with loss of Merlin. The Yuzawa 

study also catalogued previously identified proteins known to harbour mutations in 

meningiomas: TNF receptor-associated factor seven (TRAF7); Kruppel-like factor four 
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(KLF4); AKT1; Smoothened (SMO) and phosphatidylinosityl-4,5-bisphosphate 3-kinase 

(PIK3CA). TRAF7 is an inflammatory regulator and is mutated in approximately 20% of 

meningiomas, with >90% of its mutations occurring within its WD40 domain. Unlike 

KLF4 and AKT1, TRAF7 mutations do not co-occur with loss of both copies of Merlin. 

Mechanistically, TRAF7 mutations may prevent apoptosis and thus promote meningioma 

survival by reducing TRAF7-mediated polyubiquitination of lysosomal c-FLIP (Zotti et 

al., 2017). KLF4 is a transcription factor thought to promote stemness (Tang et al., 2017) 

and is mutated in approximately 9% of meningiomas, typically on a residue within the 

zinc finger domain, these mutations are thought to alter the ability of KLF4 to regulate 

cell stemness (Yuzawa et al., 2016). The canonical AKT1mutation E17K occurs in 

approximately 9% of meningiomas and has been shown to drive MTOR and ERK 

activation (Yesiloz et al., 2017). SMO is a G-protein coupled receptor implicated in sonic 

hedgehog signalling of which putative activating mutations are seen in 3% of 

meningiomas (Boetto et al., 2018). PI3KCA is the catalytic subunit of PI3K and mutations 

of this protein are seen in various tumour types (Yuzawa et al., 2016) and occur in 

approximately 4.5% of meningiomas. Mutations in PI3KCA have been shown to lead to 

constitutive activation of PI3K (Zadeh et al., 2016). The fact that many of the described 

mutations can co-occur with or without loss of Merlin means that meningiomas represent 

a highly heterogeneous population of tumours. This heterogeneity has led to 

implementation of large-scale epigenetic and ‘omics’ studies to further categorise these 

diverse tumours. 

1.4.6 Epigenetics of Meningioma and Schwannoma 

Much of the work in meningioma and schwannoma epigenetics has focused on 

methylation studies (Torres-Martin et al., 2015, Lomas et al., 2005). Methylation 

of DNA promoters typically results in repression of transcription. The only major 

study into methylation of vestibular schwannoma was conducted in 2015 and 
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generated methylation data on 40 schwannomas (Torres-Martin et al., 2015). 

Analysis showed that schwannomas trended towards a state of hypomethylation, 

with several homeobox genes such as HOXD1, HOXD3 and HOXD4 represented 

in hypomethylated areas. Other studies in methylation in schwannoma are limited 

and typically focus on the epigenetics of the nf2 gene. Schwannomas did not show 

aberrant methylation at the nf2 locus in a study by Lomas et al (Lomas et al., 2005), 

this was confirmed in the later study by Torres-Martin et al who found no 

differential methylation signatures in vestibular and non-vestibular schwannoma. 

Meningiomas have seen much more investigations into their epigenetics, both in 

terms of methylation and microRNAs (Nassiri et al., 2019, Sahm et al., 2017, 

Murnyak et al., 2015, Wang et al., 2015, Zhi et al., 2013). Similar to schwannoma, 

there is no significant differential methylation at the nf2 locus in sporadic 

meningioma (Hansson et al., 2007). A study of 49 sporadic tumours reported only 

one aberrantly methylated CpG island in the NF2 promoter. Analysis of 

meningioma CpG islands by Bello et al have identified tissue inhibitor of 

metalloproteinase three (TIMP3), tumour protein 73 (p73) and CDKN2A as sites 

that are hypermethylathed in more than 10% of tumours (Bello et al., 2004). Recent 

reports suggest that hypermethylation in meningioma is more prevalent in grade 2 

or grade 3 tumours, for example, TIMP3 is hypermethylated in between 40-60% of 

grade 3 meningiomas  (Murnyak et al., 2015). In recent years, analysis of individual 

genes associated to hypermethylated or hypomethylated CpG islands has 

progressed into analysis of global methylation signatures in meningioma. In 2017 

Olar et al and Sahm et al both identified clusters of methylation that sorted 

meningiomas into two distinct groups with the Sahm study dividing tumours into a 

further six sub-groups (Olar et al., 2017, Sahm et al., 2017). Interestingly, the study 

by Sahm et al clustered most Merlin positive tumours separately from meningiomas 
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with loss of Merlin. When correlated with WHO grade and clinical presentation, 

the methylation signature of meningiomas has shown the potential to be predictive 

of outcome of survival (Suppiah et al., 2019). 

 Meningioma and Schwannoma Mouse Models 

The importance of translating in vitro work into appropriate in vivo model systems has 

long been established as a vital stepping-stone in translational medicine. Drugs tested in 

vitro do not assess bioavailability or off-target toxicity in the same way that an in vivo 

model can. Additionally, rare diseases such as neurofibromatosis type 2 often have 

limited patient numbers that meet selection criteria for a clinical trial. This section will 

summarise the currently available animal systems used as pre-clinical models for 

meningioma and schwannoma.  

1.5.1 Schwannoma Mouse Models 

The approach to making schwannoma mouse models has been through genetic removal 

of the nf2 gene by deletion of exon two (McClatchey et al., 1997). Global knockout of 

NF2 in mice is lethal at embryonic day seven, whereas heterozygous mice do not develop 

schwannomas but instead osteosarcomas in old age (Giovannini et al., 2000). Analysis 

has shown that the osteosarcomas that form have heterozygous loss of nf2, it is likely that 

the quiescent nature of Schwann cells and the short lifespan of the mouse prevents 

schwannomas forming in this system (McClatchey et al., 1998). In 2000, Giovannini et 

al used the Cre recombinase system to generate nf2 mutant alleles that differed by those 

described by McClatchey et al in 1997. The use of the Cre driver used sought to produce 

a Schwann cell-specific knockout using a short P0 promoter fragment to drive 

recombination at exon two of the nf2 gene, which was flanked by loxP sites. This ensured 

that exon two of the nf2 gene was only deleted in Schwann cells in peripheral nerves. 

Homozygous mice which had Cre and the flanking loxP sites (NF2fl/fl) were generated. 

However the Cre driver in these mice had a longer 1.1 kb promoter fragment than later 
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P0 Cre mice used in this thesis (Mindos et al., 2017b).  The Giovannini group identified 

through β-galactosidase staining that the larger promoter fragment resulted in earlier 

recombination at the nf2 locus at embryonic day 9.5 resulting in loss of Merlin in neural 

crest cells resulting in a knockout that is not Schwann cell-specific. These mice were 

viable and developed peripheral nerve schwannomas from 10 months of age and older, 

however penetrance was low at only 36% (n=17). These mice also developed 

osteosarcomas as the Cre recombination took place as early as embryonic day nine where 

cells of the neural Crest migrate into bone as osteoblast precursor cells. This model is 

limited due to the long period of time before tumours are seen in these mice and the poor 

frequency with which schwannomas present; also, the osteosarcomas are not seen in 

human patients.  

The later P0.NF2fl/fl mice developed by the Feltri lab featured a shorter promoter leading 

to recombination at embryonic day 13.5 providing a much more specific knockout of 

Merlin from Schwann cells (Feltri et al., 1999). This model has been widely used to 

generate Schwann cell conditional knockouts and is standard in the field of Schwann cell 

research. P0.NF2fl/fl were assessed for their response to sciatic nerve crush injury and 

interestingly Merlin null Schwann cells show a phenotype where the ability to repair 

nerve injury is completely ablated (Mindos et al., 2017a). After nerve crush, P0.NF2fl/fl 

mice do not regenerate axons or remyelinate, but instead Schwann cells proliferate and 

the nerve fails to regenerate; unlike the Cre negative control, which sees a full functional 

recovery at 21 days post-injury. This distal sciatic nerve after injury shows clear 

histopathological hallmarks of schwannoma in terms of the Schwann cell hyperplasia and 

expansion, however histological features such as Antoni A bodies were not seen. This 

model may be considered useful in understanding the changes that Schwann cells undergo 

when transforming into a schwannoma. Schulz et al also produced a similar model created 

by conditional heterozygous removal of the nf2 allele in both Schwann cells and axons 
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by crossing the Feltri lab’s P0.Cre mice with Neurofilament heavy class promoter (Nefh) 

Cre mice. These mice failed to remyelinate and sustained macrophage recruitment was 

observed at the injury site (Schulz et al., 2016). This study demonstrated the importance 

of crosstalk between Schwann cells and axons that was driven by Merlin and 

mechanistically occurs through a neuregulin-1 and ErbB2/3 signalling axis. Loss of 

Merlin in neurons and not Schwann cells resulted in a downregulation in neuregulin 

expression which led to Schwann cells upregulating ErbB2/3, thus making them more 

sensitive to mitogenic signals (Schulz et al., 2016), this elevated ErbB2 phenotype is also 

observed in human schwannoma tissue (Lallemand et al., 2009). 

Analysis of P0.NF2fl/fl nerves showed elevated expression of YAP and the Hippo readout 

gene CTGF after injury which was not seen in the Cre negative animals (Mindos et al). 

Previous studies of conditional NF2 loss in liver carcinomas showed YAP activation 

drove tumour development (Zhang et al., 2010) and led to the cross of a YAPfl/fl mouse 

with the P0.NF2fl/fl to generate a Schwann cell specific double knockout 

P0.NF2fl/flYAPfl/fl mouse to test the phenotype, both to test the effects of YAP loss upon 

regeneration and tumour growth. YAPfl/fl single knockout mice and NF2fl/flYAPfl/fl and 

showed no changes in nerve structure or function prior to injury. When sciatic nerve crush 

was performed, loss of YAP and NF2 reversed the phenotype seen in NF2 single null 

mice and functional recovery was indistinguishable from Cre- littermate controls. This 

was the first study that showed the Hippo signalling effector YAP modulating the 

proliferation of Schwann cells after nerve injury, where loss of YAP in NF2fl/fl Schwann 

cells led to a decrease in proliferation post-injury. 

All mouse models for schwannoma discussed so far have either required a nerve injury, 

displayed poor genetic penetrance or were not Schwann-cell specific for loss of NF2. This 

led to attempts to develop a schwannoma mouse model in which spontaneous tumours 

develop with high penetrance. A different promoter was used by Gehlhausen et al in 2015 
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to create an objectively superior model that more accurately represents the disease 

phenotype seen in humans (Gehlhausen et al., 2015). The Periostin-Cre.NF2fl/fl (Postn-

Cre.NF2fl/fl) is driven by the Periostin promoter element which is known to drive Schwann 

cell gene expression from embryonic day 10 (Lindsley et al., 2007). Analysis of mice at 

five months of age showed enlarged dorsal root ganglia (DRG) in Postn-Cre.NF2fl/fl mice 

that was not seen in Cre negative littermate controls. At eight months of age, Postn-

Cre.NF2fl/fl had developed distinct schwannomas in their DRGs that shared histological 

features with the human condition, namely Antoni A bodies within tumours, with cells 

positive for the Schwann cell marker S100. Cohort analysis of these mice showed that 

tumours develop with 100% penetrance in the Postn-Cre.NF2fl/fl mice and littermate 

controls did not develop tumours. Five of 16 Postn-Cre.NF2fl/fl mice in the study did not 

reach the cohort endpoint and were euthanised due to health reasons, upon examination 

they were found to have developed malignant peripheral nerve sheath tumours that are 

not seen in the human NF2 patients. Human schwannomas are not frequently reported in 

DRGs and primarily develop on the vestibular nerve (Babu et al., 2013). Postn-

Cre.NF2fl/fl
 mice also develop cranial nerve tumours and Schwann cell hyperplasia was 

observed in Scarpa’s ganglion which is where neuronal cell bodies reside that transduce 

signals from hair cells within the cochlea. When assessed for hearing loss, Postn-

Cre.NF2fl/fl mice showed significantly reduced hearing from eight months of age onwards 

compared to Cre negative controls. Qualitative observation of the Postn-Cre.NF2fl/fl mice 

suggested that balance was becoming impaired, where mice with schwannomas would 

frequently tilt their heads or walk in circles repetitively. Behavioural testing revealed that 

the Postn-Cre.NF2fl/fl mice did indeed have significant impairment of their balance and 

coordination compared to littermate controls. The Postn-Cre model is superior to the 

P0.Cre model in terms of penetrance and the development of vestibular tumours that 

confer hearing loss and balance impairment that mirrors the human condition. It would 
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be of interest to introduce a Schwann cell specific loss of YAP in these mice as was done 

by Mindos et al in P0-Cre mice to assess whether loss of YAP is sufficient to prevent 

schwannoma formation. This work is ongoing in our lab along with studies to assess the 

effect of loss of TAZ and the role of macrophages in the microenvironment of these 

tumours.  

In summary of the approaches to make mouse models of schwannoma, cohorts of the 

Giovannini P0-Cre.NF2fl/fl mice develop schwannomas after 10 months, but with low 

penetrance and tumours such as osteosarcomas are also seen in these mice (Giovannini et 

al., 2000), which are not observed in human patients. The Postn-Cre.NF2fl/fl model 

developed by Gehlhausen et al offers a much more accurate representation of the human 

disease and is the current best option for modelling schwannoma in vivo (Gehlhausen et 

al., 2015). Additionally the P0-Cre.NF2fl/fl injury model may be a more efficient way of 

modelling the events that Schwann cells undergo when transforming into a schwannoma 

cell in order to study tumour initiation, however, the necessity of the injury in this model 

makes the Postn-Cre.NF2fl/fl model the best currently available. There is the opportunity 

in all of these models to introduce additional knockouts such as YAP or TAZ using the 

Cre recombinase system that may further elucidate the importance of Hippo signalling in 

driving the initiation and growth of Merlin null schwannomas. It is of note that all 

schwannoma mouse models were generated when the consensus was that loss of Merlin 

is seen in all schwannomas. There are currently no mice that model Merlin positive 

schwannoma, but these will doubtless be under development at the moment to target 

ARID family members as well as DDR1 in Schwann cells to see whether this will lead to 

schwannoma tumours  

 Meningioma Mouse Models 

Approximately 60% of sporadic meningiomas are Merlin-deficient, this led to studies 

seeking to model meningiomas in mice by removing Merlin expression from the 
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meninges (Kalamarides et al., 2002). Unlike schwannoma mouse models, early attempts 

at meningioma mouse models lacked a suitable promoter to drive Cre expression for a 

tissue-specific knockout for NF2fl/fl mice that leads to tumour formation, so Cre-

recombinase was first injected into the meninges of mice to generate loss of Merlin. More 

recent work by the Kalamarides group used the Prostaglandin D synthase promoter to 

drive Cre expression in arachnoidal cells  (Kalamarides et al., 2011) . There was a poor 

penetrance of meningioma formation in this Prostaglandin D synthase model, only 38% 

of mice developed tumours (Kalamarides et al., 2002). As additional mutations are 

commonplace in Merlin null meningiomas, one allele of the tumour suppressor p53 was 

also removed in this model but in human meningiomas p53 mutation is rare, in fact only 

mutations within and not loss of p53 is seen in meningioma (Yuzawa et al., 2016). 

However cyclin-dependent kinase inhibitor 2A (CDKN2A) is frequently mutated in 

meningioma with more than 20% of grade 2 meningiomas harbouring mutations 

(Bostrom et al., 2001), these alterations are more commonly seen in WHO grade 2 and 

grade 3 meningiomas (Ishii et al., 1999, Bostrom et al., 2001). Even the addition of an 

activated PDGF receptor in the NF2/CDKN2A model did not increase the penetrance of 

meningiomas in these mice (Peyre et al., 2015). The current literature is yet to consider 

the role of SMO, KLF4, TRAF7 or AKT1 mutations in genetic meningioma mouse 

models. Overall, the genetically modified models of meningioma have provided useful 

insights into genetic drivers of meningioma, however due to the poor penetrance of these 

models it is important to consider xenograft models for in vivo drug testing. 

Genetically modified mice are generally considered a more robust model for the study of 

cancer than xenograft models as they can often mirror the human genetic situation, the 

tumour microenvironment and immune response can also be observed in 

immunocompetent mice, in contrast with orthotopic tumour models were mice must be 

immunocompromised to allow cells to establish at the injection site (Richmond and Su, 
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2008). However, the poor penetrance and long latency of disease seen in genetic models 

of meningioma has led to the development of xenograft models that do have some 

benefits. Xenografted cells can be manipulated genetically before they are injected in the 

host and studies often have shorter latencies than genetic experiments. Meningioma 

xenografts typically feature the Merlin negative WHO grade I cell line: Benign-

meningioma-1 (BM1) cells . WHO grade 3 cell lines: KT21 and IOMM-Lee are also used 

which are Merlin negative and Merlin positive respectively (Mawrin, 2017). Xenografts 

were first tested in the subcutaneous flanks of animals which does not represent the 

human situation, although analysis of patient-derived primary meningioma cells or 

IOMM-Lee cells into the skull base or cerebral convexity to give rise to meningioma have 

a penetrance >90% (Friedrich et al., 2012, Mawrin, 2017). The IOMM-Lee xenograft 

model generated by the Mawrin group is the only xenograft model in the literature that 

has had success with drug treatments. They used sorafenib to inhibit PDGFR and 

significantly inhibit the growth and invasion of tumour cells by reducing ERK activity 

(Tuchen et al., 2017) and this data supports an ongoing clinical trial. Patient-derived 

xenografts are desirable for recapitulating the human situation but the complex genetic 

background seen in meningioma is likely to make results difficult to reproduce. It is yet 

to be seen whether a BM1 or other suitable grade I cell line model can be reproducibly 

injected into the skull convexity of mice to effectively test chemotherapies. 

 RNA Sequencing for Differential Expression Analysis 

The term ‘Omics’ in biology is an umbrella term for the collective analysis of a particular 

subset of biological molecules ranging from DNA [genomics] to metabolites 

[metabolomics]. A wide range of ‘omics’ techniques are now consistently used to help 

our understanding of cell biology and disease. This thesis uses next generation RNA-

sequencing (RNA-seq) to identify the transcriptional changes caused by loss of Merlin 

and an overview of the technique will be given below. Since the advent of next generation 
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sequencing, microarray studies have mostly given way to RNA-seq technology which 

generates orders of magnitudes more data, and is more sensitive to transcripts that are 

either highly abundant or very low in number (Costa-Silva et al., 2017). In addition, RNA-

seq is not restricted to known genomic sequences that have to be programmed into the 

microarray (Wang et al., 2009). RNA-seq has the potential to detect splice variants and 

non-coding transcripts and sensitivity of RNA-seq is such that as little as 10 pg of cDNA 

is required, which has led to the advent of single-cell analysis (Mantione et al., 2014). 

Briefly, the workflow of RNA-seq for differential expression will occur over three general 

steps: 

 

1. Library preparation: 

Appropriately isolated RNA will be processed, purified and reverse transcribed into 

complementary DNA (cDNA) using a poly-A tail primer to distinguish messenger RNA 

from transfer RNA and ribosomal RNA. Sequences are labelled and broken down into 

fragments that range in size from 50-500 base. Quality control is performed to assess the 

concentration and fragment sizes in individual samples. Reads are assembled into 

transcripts and their abundance is then quantifiable (Mantione et al., 2014).  

2. Sequencing: 

RNA-seq typically generates millions of reads per sample and aligns reads to generate 

full length transcripts. For gene expression, reads required are less than that required by 

total RNA profiling which needs to assign reads to non-coding RNA. In our sequencing 

experiments, we considered transcripts with Log10 counts per million > 0.5. 
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3. Analysis and validation: 

Once differential expression data is generated and statistically assessed, functional 

annotations or gene ontology terms can be augmented onto the data using various 

bioinformatic tools and databases (Manzoni et al., 2018). Quantitative PCR at the 

transcript level and Western blotting are the main techniques used to validate RNA 

sequencing results. 

Over 50 years ago, Francis Crick’s central dogma of biology states that once information 

has been passed from a transcript to a protein, this information cannot be passed back, 

this highlights one of the key limitations of RNA-seq as an omics tool. There are multiple 

examples of limitations associated with RNA-seq differential expression studies, 

foremost being that regulation of RNA may not lead to differential protein expression 

(Manzoni et al., 2018, Hirsch et al., 2015). Another limitation is that RNA-seq cannot 

detect post-translational modifications that may occur in the encoded protein, or how that 

protein will be regulated following translation. This is a problem that is less prevalent in 

proteomics, especially since the introduction of techniques such as phospho-proteomics 

that do not just predict proteomic abundance but also activity, however proteomic 

coverage of an organisms genome is typically much less than in RNA-seq (Manzoni et 

al., 2018). The situational advantages of each omics technique has led to effort in 

integrating omics data in what is being called panomics or multiomics to mitigate against 

the limitations of a single technique such as RNA-seq or proteomics (Manzoni et al., 

2018, Charkoftaki et al., 2019). 

 Cancer Stem Cells and ALDH1A1 

The cancer stem cell theory states that within a tumour, there are stem-cell like 

populations that possess the capacity to self-renew and give rise to different types of 

tumour cell (Yu et al., 2012). Cancer stem cell markers may be critical for self-renewal 
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and chemoresistance. Aldehyde dehydrogenase 1A1 (ALDH1A1) is one such cancer stem 

cell marker that has been found to be upregulated in Schwann cell derived tumours 

(Liesche et al., 2019b). There is a large amount of evidence that ALDH1A1 is a cancer 

stem cell marker in various tumour types (Tomita et al., 2016, Nwani et al., 2019, 

Kalantari et al., 2017, Hoshino et al., 2015, Ciccone et al., 2019). ALDH1A1 has been 

implicated in a wide range of cellular processes to elicit its role as a cancer stem cell 

marker. One such way ALDH1A1 is tumourigenic is by reducing levels of reactive 

oxygen species which allows for tumour growth. ALDH1A1 has also been shown to 

convert the chemotherapeutic cyclophosphamide into the inactive carboxyphosphamide 

which can be harmlessly excreted by tumour cells (Sladek et al., 2002). The biology and 

therapeutic potential of ALDH1A1 in schwannoma and meningioma will now be 

discussed.  

In humans, ALDH1A1 is part of the 19 member aldehyde dehydrogenase (ALDH) 

superfamily that catalyses the oxidation of aldehydes in the presence of NADP+ (Tomita 

et al., 2016). ALDH family members metabolise a range of endogenous and exogenous 

aldehydes, with ALDH1A1 showing the highest affinity to retinaldehyde, the vitamin A 

derivative and catalysing its oxidation into retinoic acid, this reaction is also catalysed by 

the isozymes ALHD1A2 and ALDH1A3. Retinol in the cytoplasm is bound to cellular 

retinol binding proteins (CRBPs) and converted into retinaldehyde by alcohol 

dehydrogenases. Retinaldehyde is oxidised into retinoic acid by ALDH1A1 in the cytosol 

is shuttled to the nucleus by cellular retinoic acid binding protein (CRABPs) where it acts 

as a ligand for retinoic acid receptors (RARs) and retinoid X receptors (RXRs). Upon 

activation by retinoic acid, RARs and RXRs drive transcription of genes associated to a 

wide range of effects (Figure 1.4) (Tomita et al., 2016). ALDH1A1 has been shown to 

convert retinaldehyde into 9-cis retinoic acid, which is considered to be the most potent 

retinoic acid stereoisomer for inducing RAR and RXR driven gene transcription (Zhao et 
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al., 1996). The ALDH1A1 promoter has also been shown to be activated by RARs when 

retinoic acid levels are low, indicative of a feedback loop that maintains a stasis of retinoic 

acid levels (Yanagawa et al., 1995). This pathway has been hypothesised as the way in 

which cancer stem cells self-renew. The idea is that when ALDH1A1 is expressed then 

cells are proliferative but if ALDH1A1 becomes downregulated, low levels of retinoic 

acid would lead to stimulation of self-renewal in cancer stem cells (Chute et al., 2006, 

Vassalli, 2019).  

Apart from the biosynthesis of retinoic acid, ALDH1A1 has also been implicated in 

enabling tumours to confer resistance to chemotherapies (Vassalli, 2019, Tomita et al., 

2016, Januchowski et al., 2016). Some studies have highlighted the way in which 

ALDH1A1 achieves drug resistance. In lung cancer cell lines, ALDH1A1 knockdown 

restored sensitivity to cisplatin by metabolising reactive oxygen species, and also reduced 

levels of phosphorylated AKT (Wei et al., 2017). Recent studies have led to the 

development of potent ALDH1A1 competitive inhibitors that already show therapeutic 

potential when used in combination with established chemotherapies (Nwani et al., 2019). 

ALDH1A1 chemical inhibition has been shown to restore sensitivity to chemotherapeutic 

agents (Kohn et al., 1987, Liu et al., 2019). PARP inhibitors which block DNA repair are 

used to treat ovarian cancer with BRCA1/2 mutations, upregulation of ALDH1A1 has 

been shown to boost the DNA repair process in PARP treated cells. Combinatorial 

therapy with an ALDH1A1 inhibitor restored sensitivity to PARP inhibitors in these 

tumours (Liu et al., 2019). Interestingly, ALDH1 subtypes were recently identified as 

potential biomarkers for Schwann cell-derived tumours (Liesche et al., 2019a). 
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Figure 1.6: Overview of retinoic acid signalling. Retinol diffuses into the cytoplasm from 

the extracellular space, is metabolised into retinoic acid and then shuttled into the nucleus 

where it is needed to recruit activator or repressor complexes to retinoic acid response 

elements (RAREs) by interacting with nuclear retinoid X receptors (RXRs) and retinoic 

acid receptors (RARs). Upon binding retinoic acid, RARs will homodimerise with a 

second RAR or heterodimerise with an RXR. The conversion of retinol to retinal is the 

rate-limiting step in this pathway. 
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 Project Aims 

There is a growing body of evidence that tumours which drive transcription through YAP 

and TAZ are sensitive to Hippo pathway inhibition (Calses et al., 2019). Here we 

hypothesise that genetic and pharmacological targeting of the aberrant Hippo pathway 

signalling seen in Merlin null meningioma and schwannoma will reduce tumour 

proliferation and highlight novel therapeutic targets.  

This PhD will examine the role of Hippo signalling in Merlin null meningioma and 

schwannoma by exploring the following aims: 

1. Validate differentially regulated genes previously identified in an RNA 

sequencing screen using a Merlin-deficient and YAP-deficient mouse model and 

assess their importance in tumourigenesis and progression in schwannoma and 

meningioma tumour cells. 

2. Stratify meningiomas and schwannomas by Merlin status and compare their 

expression of Hippo pathway proteins as well as their rate of proliferation. 

3. Analyse the effects of YAP and TAZ inhibition on primary human meningioma 

and schwannoma tumours as well as in mouse tumour models. 

These aims will be assessed using both immortalised and primary human meningioma 

and schwannoma cells, as well as whole human tumour tissue and mouse models. 
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2 Materials and Methods 

 Clinical Samples 

Anonymised meningioma and schwannoma tissue samples under the ‘MN’ series were 

collected during planned surgical procedures and surplus frozen tissue was available after 

diagnostic testing. Patients were consented to the 'Identifying and validating molecular 

targets in low grade brain tumours' study and given a unique molecular target 

identification number (MN). This study was granted full national ethics approval by the 

South West research ethics committee (REC No: 14/SW/0119; IRAS project ID: 153351) 

and local research and development approval (Plymouth Hospitals NHS Trust: R&D No: 

14/P/056 and North Bristol NHS Trust: R&D No: 3458). Clinical information on 

meningiomas presented in this project can be found in Tables 2.10. 
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 Table 2.1: Clinical information for primary meningioma cells used in this thesis. 

 

Merlin Positive Experiment Age Gender Location Other Mutations Grade 

MN088 VP/YAP unknown Female Transitional WT for panel 1 

MN147 VP/YAP 62 Female Left anterior clinoid meningioma AKT1 E17K heterozygous 1 

MN122 VP/YAP 79 male anterior fossa WT for panel 1 

MN133 VP/YAP     Right fronto-parietal meningioma WT for panel 1 

MN149 VP/YAP unknown unknown   AKT1 E17K heterozygous 1 

              

Merlin Negative Experiment           

MN126 VP/YAP 41 Female Planum sphenoidale meningioma   1 

MN123 VP/YAP 64 Female Right occipital parafalcine meningioma TRAF7 N520S hetero 1 

MN143 VP/YAP 74 Male Left cavernous sinus meningioma TRAF7 N520S hetero 1 

MN139 VP/YAP     R frontal meningioma genotyping not completed 1 

MN140 VP/YAP 74 Male Left recurrent parasagittal meningioma genotyping not completed 1 

              

Merlin Negative Experiment           

MN126 YAP/TAZ kd 41 Female Planum sphenoidale meningioma   1 

MN123 YAP/TAZ kd 64 Female Right occipital parafalcine meningioma TRAF7 N520S hetero 1 

MN143 YAP/TAZ kd 74 Male Left cavernous sinus meningioma TRAF7 N520S hetero 1 

              

Merlin Negative       
    

  

MN091 Vivace drugs 62 Female Left spheoid wing 
TRAF7 N520S 

heterozygous 
1 

MN126 Vivace drugs 41 Female Planum sphenoidale WT for panel 1 

MN243 Vivace drugs 73 Female Left frontal convexity genotyping not completed 1 

MN246 Vivace drugs 37 Female Left petroclival POLR2A heterozygous 1 

MN257 Vivace drugs 34 Female Left Occipital WT for panel 1 

              

Merlin Positive             

MN214 Vivace Drugs  59 Female  Olfactory bulb 

AKT1 E17K 

homozygous, TRAF7 
N520S heterozygous 

1 

MN218 Vivace Drugs  Unknown  Male Left frontal convexity genotyping not completed 1 

MN272 Vivace Drugs  81  Female Right sphenoid wing genotyping not completed 1 

MN268 Vivace Drugs  67  Female Bilateral olfactory groove genotyping not completed 1 

MN346 Vivace Drugs  Unknown  Male T11/T12 Spinal genotyping not completed 1 

              

Merlin Negative             

MN243 ALDH1A1 inhibitors 73 Female Left frontal convexity genotyping not completed 1 

MN246 ALDH1A1 inhibitors 37 Female Left petroclival POLR2A heterozygous 1 

MN257 ALDH1A1 inhibitors 34 Female Left Occipital WT for panel 1 
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 Cell Culture 

A range of cell lines and primary cells were derived and used as an in vitro cell culture 

model for meningioma and schwannoma tumours.  

2.2.1 Immortalised Human Cell Lines 

Human meningioma and schwannoma cell lines were used in this project were received 

from Dr Emanuela Ercolano (University of Plymouth), and were used between passage 

10 and passage 30. Cell lines were cultured at 37oC in 5% CO2 in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Thermo Fisher Scientific) containing: 10% foetal bovine 

serum (FBS; Thermo Fisher Scientific); 5.5 g/L D-glucose  (Thermo Fisher Scientific); 

100 U/mL penicillin/streptomycin (Thermo Fisher Scientific); 2 mM L-glutamine 

(Thermo Fisher Scientific).  

Ben-Men-1 (BM1) cells are a Merlin null grade I meningioma cell line (Puttmann et al., 

2005). KT21 cells are a Merlin null grade III meningioma cell line derived from a 

malignant meningioma after transplantation into nude mice (Tanaka et al., 1989). HEI-

193 cells are Merlin null and were derived from a neurofibromatosis type II patient 

schwannoma (Hung et al., 2002).  

2.2.2 Primary meningioma and human meningeal cells 

Human meningeal cells (HMC) were obtained from ScienCell and cultured in their 

Meningeal Cell Medium with Meningeal Cell Growth Supplement (ScienCell): 1% 

penicillin/streptomycin and 5% FBS (ScienCell). Primary meningiomas were received to 

the lab at Derriford and the tumours were cut into small pieces with a scalpel. Tumour 

pieces were then incubated in DMEM with 10% FBS, 100 U/mL penicillin/streptomycin 

and 20 U/mL Collagenase III (Worthington Biochemical Corp.) for overnight enzymatic 

digestion at 370C in 5% CO2. Tumour pieces were further mechanically broken up by 

pipetting up and down until a single cell suspension was obtained, and then pelleted by 

centrifugation at 250 g. Pelleted cells were resuspended in DMEM with 10% FBS; 100 
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U/mL penicillin/streptomycin; 1% D-glucose and 2mM L-glutamine at 37oC in 5% CO2. 

Adherent cells were passaged into tissue culture flasks.  

2.2.3 Primary schwannoma 

Primary schwannomas were digested in the same manner as primary meningiomas (see 

Section 2.2.2), similarly to previous descriptions (Dilwali et al., 2014). Schwannomas 

were cultured on poly-L-lysine (PLL)/laminin coated plates: 0.1 mg/mL poly-L-lysine 

(PLL) (Sigma), diluted in PBS (Gibco; pH 7.2) was added to cell culture flasks for 30 

minutes at room temperature and washed with PBS. Following PLL coating, 0.004 

mg/mL laminin (Sigma), diluted in PBS was added for two hours at room temperature 

to apply a laminin coating to the flask. A further PBS wash was completed just before 

cells were plated. Schwannomas were cultured in proliferation medium for Schwann 

cells and schwannoma (GFM), DMEM containing: 20% FBS; 100 U/mL 

penicillin/streptomycin; 0.5 µM forskolin (Sigma); 2.5 µg/mL amphotericin B (Sigma); 

2.5 µg/mL insulin (Sigma); 10nM β1-heregulin (Sigma) and 0.5mM 3-Isobutyl-1-

methylxanthine (IBMX) (Sigma). 

2.2.4 Primary human Schwann cells 

Schwann cells were isolated from the sural nerves of donors with informed consent. Dr 

Emanuela Ercolano prepared the nerves after dissection. Withdrawn nerves were stripped 

of their epineurium and fascicles were separated from the remaining interfascicular 

epineurium and incubated at 370C, 10% CO2 for 7-14 days in DMEM with 10% FBS; 500 

U/mL penicillin/streptomycin and 2.5 mg/mL amphotericin B. Fascicles were then cut 

into 2mm-long pieces and digested in DMEM with 10% FBS; 500 U/mL 

penicillin/streptomycin and collagenase type 1A 160 U/mL. The resulting Schwann cells 

were then amplified on plates coated with 0.1 mg/mL PLL in DMEM with 20% FBS; 100 

U/mL penicillin/streptomycin; 0.5 µM forskolin (Sigma); 2.5 mg/mL amphotericin 2.5 
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mg/mL; 2.5 mg/ml insulin (Sigma); 10 nM β1-heregulin (Sigma) and 0.5 mM IBMX 

(Sigma).  

2.2.5 Primary mouse Schwann cells 

Primary mouse Schwann cells were collected from the dissected brachial plexuses and 

sciatic nerves of P0-Cre+ and P0-Cre- NF2fl/fl conditional null mouse pups as previously 

described (Mindos et al., 2017b), ranging from post-natal ages of 3-7 days. These 

tissues were incubated at room temperature in Leibowitz’s L-15 medium (Gibco) until 

dissection of all animals were complete. Nerves were then digested in 1.25 mg/mL 

trypsin and 2 mg/mL collagenase type 1A at 370C for 30 minutes. Mechanical 

dissociation was achieved by pipetting up and down with a 1 mL pipette tip followed by 

a 200 µL pipette tip until a single cell suspension was achieved.  Dissociated cells in 

trypsin/collagenase were neutralised by addition of low glucose DMEM (1g/L glucose; 

Gibco) containing: 4% FBS and 100 U/mL penicillin/streptomycin and then the 

preparation - centrifuged at 1000 g for five minutes to pellet the crude Schwann cell 

preparation. For serum purification of Schwann cells, cells were plated onto PLL and 

laminin coated flasks (see Section 2.2.3) in low glucose DMEM containing: 4% FBS; 

100 U/mL penicillin/streptomycin; 1 g/L D-glucose and 10 µM cytosine arabinoside for 

48 hours to kill rapidly dividing fibroblasts. Purified Schwann cells were then expanded 

in low glucose DMEM containing: 4% FBS; 100 U/mL penicillin/streptomycin; 2µM 

forskolin and 10 ng/mL neuregulin-1 (NRG-1; R&D Systems) for us in further 

experiments. 

2.2.6 Passaging Cells 

Cells were passaged by removing medium, washing with phosphate buffered saline (PBS; 

Gibco) and incubating with trypsin-ethylenediaminetetraacetic acid (EDTA) (0.05%; 

Gibco) at 370C until cells detached. The detached cell suspension was neutralised with 

the relevant growth medium and transferred to a fresh culture flask. 
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 Mice 

Experiments with mice were conducted in accordance with Home Office regulations 

under the UK Animals (Scientific Procedures) Act 1986. Experiments were approved by 

Plymouth University Animal Welfare and Ethical Review Board. 

2.3.1 Genotypes of transgenic mouse lines 

Mice with a Schwann cell-specific knockout of Merlin were the focus of this project. This 

was achieved using the Cre recombinase system. A cell-specific promoter drives 

expression of Cre recombinase, which will recognise loxP sites which flank the gene of 

interest. A gene which is flanked by two loxP sites is described as floxed (fl) and when 

recombination occurs, this results in deletion of an exon within the gene of interest (Kim 

et al., 2018). Using either a P0 (Feltri et al., 1999) or Periostin (Postn) (Gehlhausen et al., 

2015) Cre line as described previously, mice with a Schwann cell-specific homozygous 

deletion of the NF2 gene (NF2fl/fl) were generated. These mice were crossed with 

conditional null YAP (Zhang et al., 2010) and TAZ (Hwang et al., 2019) mice to generate 

NF2fl/fl, NF2fl/flYAPfl/fl and NF2fl/flTAZfl/fl animals. Age matched cre negative littermates 

were used as controls. ALDH1A1 global null mice (Fan et al., 2003) were gratefully 

received from Dr Joseph Napoli (University of California, Berkeley) and were crossed 

with NF2fl/fl mice to generate NF2fl/flALDH1A1 knockout mice. 

Here after, P0.Cre+ and Postn.Cre+ followed by “genefl/fl” (e.g. P0.Cre+NF2fl/fl) refer to 

mice expressing Cre recombinase and have therefore removed the floxed gene, whereas 

P0.Cre- and Postn.Cre- followed by “genefl/fl” (e.g. P0.Cre-NF2fl/fl) are control mice as 

they do not express Cre recombinase. These groups were compared as age-matched 

littermates with a single animal represented one biological repeat. Unless otherwise 

stated, all experiments used n=3 mice for each condition, power calculations were not 

performed to decide sample size. Mice were bred with homozygous floxed alleles 

whereas the Cre recombinase was heterozygous. No exclusion criteria was required as all 
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mice bred were suitable for use in experiments, thus, no data from any animal was 

excluded after analysis. Randomisation was not formally used to allocate animals into 

experiments, however both males and females used in similar numbers. For injury 

experiments, blinding was not possible at the timepoints analysed as the P0.Cre+NF2fl/fl 

mice showed a clear repair deficit compared to P0.Cre-NF2fl/fl controls. For experiments 

in results chapter 3.3, Postn.Cre+NF2fl/fl mice were consistently smaller than Postn.Cre-

NF2fl/fl littermate controls, additionally for the drug experiments, dissolving the drug into 

the vehicle solution made a cloudy suspension whereas the vehicle control remained a 

clear solution, therefore it was impossible to blind the researcher to animal genotype and 

whether the animal received drug or vehicle. Mice were assessed for protein expression 

by immunostaining or western blotting and proliferation by EdU proliferation assay. All 

animals were kept on a C57BL/6 background. 

2.3.2 Genotyping 

Ear notches and tail snips were used as a source of tissue to identify the genotypes of 

mice. Crude DNA preparations suitable for genotyping were produced by alkaline lysis 

using the HotSHOT method (Truett et al., 2000). Ear notches or tail snips were submerged 

in 75 µL of alkaline lysis buffer (25 mM NaOH and 0.2 mM EDTA in H2O) and heated 

to 950C for 90 minutes. Following heating, the solution was vortexed and 75 µL of 

neutralisation buffer (40 mM Tris-HCl; Sigma) in H2O) was added, DNA was stored at 

40C short term or -200C long term. DNA was genotyped using primers (Table 2.4) 

(Eurofins) and reagents (Promega), a typical reaction mix and PCR steps are shown in 

Tables 2.2 and 2.3. 

PCR products were resolved on a 1.4% (w/v) agarose gel (Sigma) dissolved in Tris-

acetate-EDTA buffer (Sigma). The mix was heated in a microwave to dissolve the agarose 

and GelRed (Biotium) was added (1:50 000 dilution) to visualise the DNA fragments 

under UV light. Gels were run in 1 x Tris-acetate-EDTA buffer at 120 volts using a Power 
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Pac 300 (BioRad) for 60 minutes. Gels were imaged on a SYNGENE PXI 4. A typical 

agarose gel image can be seen in Figure 2.1. 
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Reagent Volume of Stock Concentration in PCR mix 

5x Green GoTaq Buffer 

(Promega #M891A) 

5µL  

ddH2O (Sigma #W4502) 14.9µL  

DNA 2µL  

Deoxyribonucleotide 

triphosphates (Promega 

#U120A-U123A) 

0.5µL 200µM 

25mM MgCl2 (Promega 

#A351H) 

1.5µL 1.5mM 

Primers (Eurofins) 1µL 0.5µM each 

Taq Polymerase (Promega 

#M740B) 

0.1µL 1.25U 

 

Table 2.2: Master Mix reagents for PCR genotyping. 
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Step Number Condition 

1 95˚C 5 minutes 

2 95˚C 30 seconds 

3 55˚C 45 seconds 

4 72˚C 60 seconds 

5 Repeat 2-4, 38 times 

6 72˚C 5 minutes 

7 4˚C (infinite storage) 

 

Table 2.3: Steps for a genotyping PCR reaction. Annealing temperatures varied between 

primers and can be viewed in Table 2.3 

 

 

 

 

 

 

Figure 2.4: Typical PCR gel image for Periostin Cre mice. Lanes 1-2 show Cre positive 

mice, lanes 3-6 Cre show negative mice, lane 7 show a no DNA control PCR mix. The 

NF2fl/fl allele was detected at 440 base pairs. 

  

Periostin-Cre Genotyping 

Cre Positive Cre Negative 
No DNA  
Control 

   1           2            3             4           5             6           

   Periostin 

Unincorporated 

Primers 
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Gene 

Forward 

primer 

sequence 

5’- 3’ 

Reverse 

primer 

sequence 

5’- 3' 

Anneal 

temp (˚C) 

No. of 

Cycles 

Size (bp) 

NF2 

GGGGCTT

CGGGAAA

CCTGG 

GTCTGGG

AAGTCTG

TGGAGG 

60 38 574 

P0 

CCACCAC

CTCTCCA

TTGCAC 

GCTGGCC

CAAATGT

TGCTGG 

57 35 492 

Periostin 

CATTTGG

GCCAGCT

AAACAT 

CCCGGCA

AAACAGG

TAGTTA 

57 38 444 

YAP 

CCAGACG

ACTTCCT

CAACAGT

G 

GCATCTC

CTTCCAG

TGTGCCA

A 

57 38 400 

TAZ 

CTT CCA 

AGG TGC 

TTC AGA 

GA 

GGA GAG 

GTA AAG 

CCC ACC 

AG 

60 38 400 

ALDH1A1 

CAACCCT

GAGCAAA

TGGATGT

GGAATGT

GTGCGAG 

60 40 300 
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Table 2.4: Primers used to determine mouse genotypes.  

TCCTCCA

C 
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2.3.3 Sciatic Nerve Injury 

Sciatic nerve crush was performed under isoflurane anaesthesia as previously described 

(Mindos et al., 2017b). Adult mice of comparable ages had their sciatic nerves crushed 

for 30 seconds using forceps, followed by another 30 seconds in a position orthogonal to 

the first crush. Following crush, animals were given analgesia and monitored daily. Only 

the right-hand sciatic nerve of each mouse underwent crush injury for 7 or 21 days, the 

left-hand side was used as a contralateral control. At the experiment endpoint, mice were 

sacrificed by cervical dislocation. Samples were prepped for immunohistochemistry by 

submerging sciatic nerves in 4 % PFA for 24 h or for western blot by submerging nerves 

in RIPA buffer (see Section 2.5). 

2.3.4 Vivace Oral Gavage 

The Vivace drug VT03989 was administered by oral gavage in Postn.Cre+NF2fl/fl mice 

to assess the effect on tumour proliferation. Mice were gavaged with a dose of 30 mg/kg 

for 14 days consecutively using an FTP-20-30 polypropylene tube (Linton 

Instrumentation) attached to a 1 mL plastic syringe (BD Plastipak). Animals were 

monitored for weight loss and other clinical signs during gavage experiments and 

suffered no weight loss or other adverse effects.   

 RNA Sequencing 

RNA sequencing was used to identify differentially expressed genes following Schwann 

cell specific loss of NF2 and NF2/YAP in the sciatic nerves of injured and uninjured mice. 

2.4.1 Sample Preparation 

RNA was prepared by Dr Thomas Mindos and sequenced by Cambridge Genomic 

Services (CGS). Gene expression profiling was performed on RNA purified from the 

sciatic nerves of four Schwann cell conditional null NF2-/-, NF2-/-YAP-/- and control mice, 

at the time point of seven days post-injury (see Section 2.3.3), with the uninjured 
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contralateral nerve taken as control for each animal. For each nerve, the section of the 

sciatic nerve and distal branches downstream of the injury site were harvested. For 

contralateral uninjured nerves, the same portion of the nerve was dissected out. Dissected 

nerves were put into RNAlater (Thermo Fisher) and RNA was isolated using a miRNA 

easy kit (Qiagen). RNA integrity was assessed by using a nanodrop 2000 machine 

(Thermo Fisher Scientific) to measure the 28 S: 18 S ratio. 

 An RNA integrity number > 6 was required for samples sent for sequencing by CGS. 

Data Analysis 

2.4.2 Data Analysis 

Data from CGS was analysed by Prof Matthias Futschik. The data was generated using 

the Illumina NextSeq 550 system and generated counts which correlated to an Entrez 

Gene ID. Averaged differential expression between genotypes and injured/control 

animals was presented as a Log2 [fold change] (FC). A two-tailed t-test with a false 

discovery rate (FDR) adjustment was used to determine genes which were differentially 

regulated in a statistically significant manner. Genes were considered to be differentially 

regulated if they had a Log2FC > 1 or a Log2FC < -1, with Log10 [counts per million] 

(CPM) > 1.5 to prevent identifying genes which were expressed at insignificant levels. 

An FDR < 0.05 was considered statistically significant. 

 Antibodies 

Antibodies used in this thesis are listed in tables 2.6 and 2.7. Antibodies for 

immunofluorescence were validated by using a no primary antibody control, in the 

presence of a secondary antibody. Antibodies for western blots, where possible, were 

validated with a negative control. No primary antibody immunofluorescence images 

alongside representative examples of the primary antibody immunostaining used in this 

thesis can be seen in the appendix. Western blot membranes were often cut in order to 
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visualise antibodies raised in the same species, uncropped membrane sections for western 

blots can be found in the appendix. 

 Western Blotting 

Western blotting was used to determine the amount of proteins in various cells and tissues. 

Briefly: Samples were prepared; resolved using sodium dodecyl sulphate (SDS; Fisher) 

polyacrylamide gel electrophoresis (PAGE) with reducing conditions; separated proteins 

were transferred onto a membrane and incubated with antibodies; antibodies were 

detected using horseradish peroxidase (HRP) and a chemiluminescent substrate, detected 

by an electronic developer. 

2.6.1 Western Blot Sample Preparation 

Sciatic nerves were lysed in 150 µL of SDS buffer: 50 mM Tris-HCl; 2% SDS; 10% 

glycerol; 1% β-mercaptoethanol; 12.5 mM EDTA and 0.02% bromophenol blue. 

Dissected nerves were added to the buffer and stored at -200C. Nerves were thawed and 

sonicated using a Q500 sonicator (Fisher) to fully lyse the sample into the buffer. Care 

was always taken to dissect the same amount of nerve tissue for each sample and lyse into 

a set volume of SDS buffer. Typically, 20 µL of lysed nerve sample was loaded for each 

polyacrylamide gel run. 

Cells grown in vitro were lysed in radioimmunoprecipitation assay (RIPA) buffer 

containing: 10 mM Tris-HCl; 1 mM EDTA; 1% Triton-X-100; 0.1% sodium 

deoxycholate; 0.1% SDS and 140 mM NaCl in distilled H2O. Prior to use, a protease 

inhibitor cocktail (1:100; Sigma) was added which ad broad specificity for serine, 

cysteine and acid proteases as well as aminopeptidases. Cells were washed with ice-cold 

PBS, RIPA buffer was added and cells were mechanically scraped off the dish or flask, 

with the resultant lysate collected and spun at 25 000 x g for 15 minutes. The supernatant 

from the lysate was transferred to a fresh tube and stored at -200C short term or -800C 
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long term. Protein estimation for cell lysates was conducted using the BCA assay kit 

(Thermo Fisher) and lysate corresponding to 20 µg total protein of each sample was 

typically diluted into SDS loading buffer before running on a polyacrylamide gel. 

2.6.2 Western Blot Gel Running, Transfer and Detection 

SDS-PAGE gels were made to the recipes shown in Table 2.5 and run using the 

PROTEAN system (BioRad). Gels were run in running buffer containing 192 mM glycine 

(Sigma), 25 mM Tris Base (Sigma) and 0.1% SDS diluted in 1 L of distilled H2O. Gels 

were transferred in transfer buffer containing 192mM glycine, 25 mM Tris Base and 200 

mL methanol made up to 1L with 800 mL of distilled H2O. 8 µL of dual colour protein 

ladder (BioRad) was run alongside of protein samples to allow estimation of the 

molecular weight of proteins. 

List of steps used: 

1. Prior to running, aliquots of samples were denatured by heating to 950C for five 

minutes and stored on ice.  

2. Protein ladder and samples were loaded into the gel and run using a Power Pac 

300 at 150 volts until appropriately separated and the bromophenol blue dye had 

reached the bottom of the resolving gel, typically 90 minutes. 

3. Separated proteins were transferred onto a polyvinylidene fluoride (PDVF) 

membrane which had been previously activated by soaking in methanol for 20 

seconds. Proteins were transferred from the resolving gel to the PDVF membrane 

at 300 mA for 90 minutes with an ice pack in the tank to prevent overheating. 

4. Following transfer, the PDVF membrane was blocked for 60 minutes at RT in 5% 

bovine serum albumin (BSA; Thermo Fisher) diluted in 1X Tris-buffered saline 

containing 0.5% Tween (TBS-T; Fisher). 
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5. Primary antibody to the protein of interest was added to the blocking solution at 

the relevant concentration (Table 2.10) and incubated overnight at 40C. 

6. Next, the membrane was washed three times for 10 minutes in TBS-T to remove 

unbound primary antibody before being incubated with the species-specific 

secondary antibody (HRP conjugated) at the relevant concentration (Table 2.X) 

for 60 minutes at room temperature. 

7. The membrane was washed three times for 10 minutes in TBS-T and HRP-

dependent chemiluminescence was detected using the Pierce ECL Western 

Blotting Substrate (Fisher) kit following the manufacturer’s instructions. 

8. Chemiluminescence present on the membrane was imaged using the SYNGENE 

PXI 4 and formatted using ImageJ. 

9. Western blots were normalised for quantification by comparing the ratio of signal 

between the protein of interest and the loading control in each individual lane to 

give a relative expression value. This relative expression of samples were then 

compared to the relative expression of the control which was defined to be 1. 
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Reagent 

Resolving 

4% 

Stacking 

5% 8% 10% 12% 15% 

10% Ammonium 

Persulphate 

75µL 75µL 75µL 75µL 75µL 75µL 

10% Sodium Dodecyl 

Sulphate 

100µL 100µL 100µL 100µL 100µL 100µL 

40% Acrylamide 1.25mL 2mL 2.5mL 3mL 3.75mL 1mL 

H2O 5.9mL 5.3mL 4.8mL 4.5mL 3.9mL 7.6mL 

TEMED 10µL 10µL 10µL 10µL 10µL 10µL 

Tris-HCl 1.5M (pH 8.8)* 2.8mL 2.5mL 2.5mL 2.3mL 2.0mL 1.25mL 

Table 2.5: Reagents used for SDS-Page gel electrophoresis. *For stacking gel, Tris-HCl 

pH was 6.8.  
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 EdU Proliferation Assay 

5-Ethynyl-2’deoxyuridine (EdU; Thermo Fisher Scientific) was used to label 

proliferating cells in vitro and in vivo. EdU was stored as a 10 mM stock solution in 

dimethyl sulphoxide (DMSO; Sigma) according to manufacturer’s instructions. For mice, 

a 2 mg of stock solution EdU (diluted with PBS) was administered via intraperitoneal 

injection (total volume 200 µL) and after three hours/ 24 hours mice were sacrificed, 

dorsal root ganglia and sciatic nerves were collected and fixed in 4% paraformaldehyde 

(PFA; Sigma) for analysis. For cultured cells: four hours prior to fixation in 4% PFA for 

10 minutes, cells were administered 10 µM EdU diluted into the relevant cell culture 

medium (see Section 2.2). Proliferation was measured using the Click-iT™ EdU kit 

(Thermo Fisher Scientific) as per the manufacturer’s directions on prepared cells and 

tissue fixed in PFA: 

List of Steps for EdU labelling: 

1. Cells/tissue sections were permeabilised in 1% Triton-X-100 (Sigma), diluted in 

3% BSA in PBS. 

2. Cells/tissue sections were washed twice for five minutes in 3% BSA in PBS. 

3. The EdU reaction mix was made using kit components and added to cells/sections 

for 30 minutes (see Table 2.6 for reaction mix, the molarities of the kit components 

were not disclosed by the kit manufacturer, so concentrations cannot be used to describe 

the amount of each reagent used). 

4. Cells/sections were washed three times in PBS and counter-stained with 1 µg/mL 

Hoechst (Invitrogen) for 15 minutes. 

5. Cells/sections were washed three times in PBS and mounted onto glass coverslips 

(VWR) using CitiFluor-AF1 mounting medium (Science Services) before 

imaging on a Leica IM8 microscope. Images were quantified and formatted using 

ImageJ.  
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Reagent Volume 

Reaction buffer 0.86mL 

Copper (II) sulphate pentahyrdrate 0.04mL 

Alexa Fluor™ 488 5-Carboxamido-(6-

Azidohexanyl), Bis (Triethylammonium 

Salt)), 5-isomer 

 

0.0025mL 

Reaction buffer additive 0.1mL 

Total volume 1mL 

 

Table 2.6: Reagents used to make 1 mL of EdU reaction mix. 
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 Immunofluorescence 

Immunofluorescence was used to determine the presence, abundance and localisation of 

various proteins in cells and tissues. Briefly, prepared cells and tissues were labelled with 

primary antibodies which were detected by fluorescently conjugated secondary 

antibodies, the latter of which can be detected when excited by certain wavelengths of 

light and imaged on a microscope. Immunofluorescence images were scanned using a 

Leica SPE confocal microscope. Images from immunofluorescence experiments were 

formatted using Adobe Photoshop and quantified using ImageJ. Quantification of the 

nuclear localisation of protein was completed by measuring the fluorescence intensity 

within the whole cell, then only within the nucleus, subtracting the nuclear value to get 

the cytoplasmic fluorescence intensity value, from this, the ratio of cytoplasmic: nuclear 

protein expression was calculated. Fluorescence intensity was calculated in 50 cells per 

biological repeat. For EdU and Ki-67 quantification, EdU and Ki-67 positive nuclei were 

counted and the percentage of positive cells was calculated against the total nuclei counts. 

EdU and Ki-67 were quantified by assessing 3 fields of view containing at least 200 cells 

per technical/biological repeat. 

2.8.1 Immunofluorescence for Cultured Cells 

Cells were analysed for the expression of various proteins using specific primary and 

secondary antibodies in the following way: 

1. An appropriate amount of cells, (typically 5000) were seeded as a 15 µL droplet 

of media in the centre of a sterile glass coverslip, which had been placed into a 

24-well tissue culture plate (Thermo Fisher). After two hours approximately, 

when all cells had adhered to the coverslip, 485 µL of the relevant medium (see 

Section 2.2) was added to top up the wells. 

2. Following the conclusion of the experimental time course, cells were first washed 

in PBS and then fixed for 15 minutes in 4% PFA. 
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3. Coverslips were removed from the 24-well plate and placed onto pedestals in a 

humid environment. 

4. Fixed cells were permeabilised for 45 minutes in 1% Triton-X-100, diluted in 1% 

BSA in PBS. 

5. Permeabilised cells were blocked in 3% BSA/PBS for 90 minutes. 

6. Blocked cells were incubated in primary antibody diluted in blocking solution at 

the relevant concentration (see Table 2.7) overnight. 

7. Cells were subjected to three 10 minute PBS washes to remove unbound primary 

antibody before incubation with secondary conjugated antibodies (see Table 2.8). 

8. For the two layer system, cells were incubated with secondary antibody in 3% 

BSA for 60 minutes and then washed three times for 10 minutes in PBS. 

9. For the three layer system, cells were incubated in species specific biotinylated 

secondary antibody for 60 minutes, washed three times for 10 minutes in PBS and 

then incubated with a streptavidin conjugated antibody for 60 minutes. 

10. Cells/sections were washed three times in PBS and counter-stained with 1 µg/mL 

Hoechst (Invitrogen) for 15 minutes. 

11. Cells were mounted onto glass coverlips (VWR) using Citi-Fluor AF1 mounting 

medium before imaging on a Leica IM8 or Leica SPE microscope. 

 

2.8.2 Tissue preparation, sectioning and immunofluorescence  

1. Mouse sciatic nerve or human meningioma tumour tissue were fixed in 4% PFA 

and was embedded in Optimal Cutting Temperature compound (OCT; Fisher) 

before snap freezing in liquid N2. Tissue was then washed in PBS, cryoprotected 

for 48 h in 30 % sucrose in w/v in PBS 
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2. Frozen embedded tissue was sectioned using a Leica CM 1680 cryostat machine, 

cut as transverse sections, 8 µm thick. Cut sections were collected on SuperFrost 

Plus slides (VWR), stored at -200C short term or -800C long term. 

3. Frozen sections were thawed and an outline around the tissue was drawn using an 

ImmEdge pen (Vector Laboratories) to provide a hydrophobic barrier and contain 

immunostaining reagents. 

4. OCT on the slide was dissolved using two PBS washes for five minutes and tissue 

was permeabilised in 1% Triton-X-100 for 15 minutes.  

5. Slides were blocked in 3% (w/v) BSA in PBS for 90 minutes. 

6. Blocked tissue was incubated in primary antibody at the relevant concentration 

(see Table 2.7) overnight at 4 oC. 

7. Tissue was subjected to three 10 minute PBS washes before incubation with 

conjugated antibodies (see Table 2.8). 

8. For the two layer system, tissue was incubated with secondary antibody in 3% 

BSA for 60 minutes and then washed three times for 10 minutes in PBS. 

9. For the three layer system, tissue was incubated in species specific biotinylated 

secondary antibody for 60 minutes, washed three times for 10 minutes in PBS, 

and then incubated with a streptavidin antibody for 60 minutes. 

10. Tissue was washed three times in PBS and counter-stained with 1 µg/mL Hoechst 

for 15 minutes. 

11. Tissue was mounted onto with cover glass (VWR) using Citi-Fluor AF1 mounting 

medium before imaging on a Leica IM8 or Leica SPE microscope. 

 

 Paraffin Embedded Immunohistochemistry (IHC) 

Clinical human Merlin negative schwannoma tissue, Merlin positive acoustic neuroma 

and healthy nerve controls in the present study were selected, cut and stained with the 
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help of Dr Aditya Shivane and Mr Phillip Edwards. Mouse tumour model tissue was 

gratefully received from Prof C Mawrin (University of Magdeburg) and Prof Long-Sheng 

Chang (Ohio State University) these tissues were cut but not stained by Mr Phillip 

Edwards. Sections were cut to 4 µm in thickness and stored at 370C. For staining of 

paraffin sections, paraffin was melted by incubating slides at 600C for 60 minutes. 

2.9.1 Staining of Paraffin Sections 

Tissue was stained using the VECTASTAIN ABC kit (Vector Laboratories) as per 

manufacturer’s instructions: 

1. Tissue was de-waxed and washed in first 100% Xylene (Fisher), then 100% 

ethanol (Fisher) and finally under running tap water, each for five minutes. 

2. Tissue was blocked for 30 minutes in 3% H2O2 (Fisher) in 100% methanol and 

washed under running tap water for 10 minutes. 

3. Tissue was pre-treated for 30 minutes in 100mM EDTA dissolved in distilled H2O 

to retrieve antigens, heated to boiling in a microwave and then washed under 

running tap water for 10 minutes. 

4. An ImmEdge pen was then used to outline the tissue in the section and contain 

the liquid reagents for staining. The sections were then blocked for 30 minutes in 

diluted normal horse serum. One drop of normal horse serum (VECTASTAIN 

ABC kit) diluted in TBS-T, used in a quantity to ensure the tissue was covered. 

5. Primary antibody diluted in TBS-T at the appropriate concentration (Table 2.7) 

was added to cover the tissue and the slide then incubated at 40C overnight. 

6. Tissue was washed in TBS-T twice for five minutes and secondary/tertiary 

antibodies (VECTASTAIN ABC kit) were made up 30 minutes prior to use. Two 

drops (1:50) of secondary/tertiary antibody from the kit was added to TBS-T and 

added for 30 minutes in turn, with two five minute TBS-T washes in-between.  
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7. 3,3’-Diaminobenzidine (DAB; Sigma) was diluted to 0.66 mg/mL in H2O as per 

the manufacturer’s instructions and filtered using a 0.22 µm filter (Merck 

Millipore). The glass slide was drained of remaining TBS-T post-washing and 

DAB was added for five minutes. Tissue was then washed for 10 minutes under 

running water. 

8. Mayer’s Haematoxylin (Sigma) was added for two minutes at RT and washed 

under running water for 10 minutes once. 

9. Tissue was washed twice for five minutes in 100 % ethanol, followed by 100% 

Xylene in the same manner. 

10. Tissue was mounted using DPX mountant (Sigma) and covered with cover glass. 

11. Staining was imaged using a Leica IM8 microscope and captured images 

formatted using Adobe Photoshop. 
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Antigen Antibody Type [WB] 

[ICC/ IHC-

F] 

[IHC-P] 

ALDH1A1 

ab52492 

Abcam 

Rabbit 

Monoclonal 

Antibody 

1/1000 1/200 1/100 

CTGF Ab6992  1:500   

Cyclin D1 

sc-718 

Santa Cruz 

Biotechnolo

gy 

Rabbit 

Polyclonal 

Antibody 

1/250   

GAPDH 

AB2302 

Merck 

Mouse 

Monoclonal 

Antibody 

1/10 000   

Ki-67 

ab15580 

Abcam 

Rabbit 

Polyclonal 

Antibody 

 1/100  

LATS1 

#3477 Cell 

Signalling 

Technology 

Rabbit 

Monoclonal 

Antibody 

1/1000   

LATS2 

#5888 Cell 

Signalling 

Technology 

Rabbit 

Monoclonal 

Antibody 

1/1000   
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MBP 

sc-13914 

Santa Cruz 

Biotechnolo

gy 

Goat 

Polyclonal 

Antibody 

 1/100  

Neurofilam

ent 

ab4680 

Abcam 

Chicken 

Polyclonal 

Antibody 

 1/10 000  

Pan-TEAD 

#13295 Cell 

Signalling 

Technology 

Rabbit 

Monoclonal 

Antibody 

1/1000   

P-YAP 

(S127) 

#4911 Cell 

Signalling 

Technology 

Rabbit 

Monoclonal 

Antibody 

1/1000   

TAZ 

sc-48805 

Santa Cruz 

Biotechnolo

gy 

Rabbit 

Polyclonal 

Antibody 

1/500 1/100  

TEAD1 

#12292 Cell 

Signalling 

Technology 

Rabbit 

Monoclonal 

Antibody 

1/1000   

TEAD2 

#SAB25012

31 

Goat 

Polyclonal 

Antibody 

1/1000   

TEAD3 

#13224 Cell 

Signalling 

Technology 

Rabbit 

Monoclonal 

antibody 

1/1000   
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Table 2.7: Primary antibody usage, for Western Blot (WB); immunocytochemistry on 

cells (ICC); immunohistochemistry on frozen sections (IHC-F) and 

immunohistochemistry on paraffin sections (IHC-P). 

  

TEAD4 Ab58310 

Mouse 

Monoclonal 

Antibody 

1/1000   

YAP 

#14074 Cell 

Signalling 

Technology 

Rabbit 

Monoclonal 

Antibody 

1/1000 1/200  

YAP/TAZ 

#8418 Cell 

Signalling 

Technology 

Rabbit 

Monoclonal 

Antibody 

1/1000   
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Table 2.8: Secondary/tertiary antibodies used in this study and conjugate usage.  

Species/Conjugate Antibody Dilution Application 

Chicken Alexa 

Fluor 488nm 

#A-11039 

Invitrogen 

1/200 ICC/IHC-F 

Chicken Alexa 

Fluor 568nm 

#A-11041 

Invitrogen 

1/200 ICC/IHC-F 

Goat Alexa Fluor 

488nm 

#A-11055  

Invitrogen 

1/200 ICC/IHC-F 

Goat Alexa Fluor 

568nm 

#A-11957  

Invitrogen 

1/200 ICC/IHC-F 

Mouse Alexa Fluor 

488nm 

#A-11001  

Invitrogen 

1/200 ICC/IHC-F 

Mouse Alexa Fluor 

568nm 

#A-11004  

Invitrogen 

1/200 ICC/IHC-F 

Mouse HRP #1706516 Bio-Rad 1/5000 WB 

Rabbit Alexa Fluor 

488nm 

#A-11008 

Invitrogen 

1/200 ICC/IHC-F 

Rabbit Alexa Fluor 

568nm 

#A-11011 

Invitrogen 

1/200 ICC/IHC-F 

Rabbit Biotinylated 

BA-1000 Vector 

Laboratories 

1/500 ICC/IHC-F 

Rabbit HRP #1706515 Bio-Rad 1/5000 WB 

Streptavidin Alexa 

Fluor 488nm 

#S11223 Invitrogen 1/1000 ICC/IHC-F 

Streptavidin Alexa 

Fluor 568nm 

#S11226 Invitrogen 1/1000 ICC/IHC-F 
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 Lentivirus 

Recombinant Lentiviral vectors were used to achieve shRNA-mediated knockdown of 

ALDH1A1, YAP and TAZ in various cell lines and primary cells. 

2.10.1 Lentiviral Plasmid Preparation 

Mission® shRNA (Sigma) glycerol bacterial stocks were used to obtain purified 

transfection grade plasmid DNA for lentiviral knockdown. Sequences for knockdown 

were inserted into the pLKO.1-puro vector. This vector is under the control of a U6 

promoter and contains ampicillin and puromycin resistance cassettes for selection. 

Knockdown and scramble sequences for ALDH1A1, YAP and TAZ can be seen in Table 

2.8. Plasmids were packaged using the pCMV-VSV-G envelope and the pCMV-dr8.2 

packaging plasmids (Addgene). 

For plasmid generation: bacterial glycerol stocks were streaked onto Luria-Bertani (LB) 

agar (Sigma) plates containing 100 µg/mL ampicillin (Sigma) over a flame using aseptic 

technique. Overnight culture with agitation at 300C yielded single colonies that were used 

to inoculate starter cultures of 1500 µL of LB broth (Sigma) containing 100 µg/mL 

ampicillin. Bacteria were then further amplified by adding 200 µL of bacteria to 150 mL 

of LB broth containing 100 µg/mL ampicillin and culturing overnight with shaking at 

300C. Cultures were then centrifuged at 12 000 x g for 45 minutes to pellet bacteria. The 

supernatant was removed and plasmid DNA prepared from the bacterial pellets using the 

QIAGEN Plasmid Midi Kit following manufacturer’s instructions. Purified plasmid DNA 

was stored at -200C. 

2.10.2 Lentiviral Transfection and Production 

293FT cells were transfected with lentiviral constructs and packaging plasmids in order 

to produce lentiviral particles. 293FT cells are commonly used to produce lentivirus 

(Ansorge et al., 2009). 293FT cells were taken from University of Plymouth stocks and 
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were used at low passage (passage <10), cultured in DMEM containing 10% FBS and 1% 

penicillin/streptomycin. 

The following steps were used: 

1. 293FT cells were seeded in a 10 cm tissue culture dish at a density of 7 x 105
 

cell/mL in DMEM containing 10% FBS and incubated at 5 % CO2 and 370C 

overnight. 

2. 18 µL of Fugene6 (Promega) was diluted in 72 µL of Opti-MEM (Gibco) and 

incubated for five minutes at room temperature. 

3. 3 µg, 3 µg and 0.3 µg of the relevant hairpin construct, pCMV-dr8.2 packaging 

plasmid and pCMV-VSV-G envelope respectively were diluted in 225 µL of Opti-

MEM. 

4. The plasmid mix was added to the diluted Fugene6 and incubated for 30 minutes 

at room temperature. 

5. 315 µL of the resultant transfection mix was added to the 293FT cells which were 

incubated at 370C overnight. 

6. The following day, 293FT cells were medium changed into DMEM containing 

20% FBS and 1% penicillin/streptomycin, and incubated at 370C overnight. 

7. The following day, the resultant media (now containing lentiviral particles) was 

collected and centrifuged at 40 x g for 5 minutes to remove cell debris.  

8. Steps 6 and 7 were repeated to allow for 2 days of lentiviral production and 

collection of viral media. 

9. Pooled viral media was stored in aliquots at -800C. 

2.10.3 Lentiviral Transduction 

Lentiviral particles were transduced into the relevant cell type in the following way: 
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1. Viral media containing 16 µg/mL protamine sulphate (Sigma) to increase viral 

particle permeation, was added to cells which were 70% confluent, for 48 hours. 

2. Cells were allowed to recover for 24 hours in their standard cell culture medium 

(See Section 2.2), before addition of 4 µg/mL puromycin (Gibco) to select 

transduced cells and kill cells that were not transduced. 

3. Cells were maintained in media containing puromycin until non-transduced cells 

were all dead and drug selection for lentiviral transduced cells was complete. After 

this, transduced cells were used in the relevant experiments as described.  
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Target Region Sequence 5'-3' 

SHC002 Scramble 

Not 

applicable 

CCGGCAACAAGATGAAGAGCACCAA

CTCGAGTTGGTGCTCTTCATCTTGTTG

TTTTT 

SHCLNG-

NM_000689-1 ALDH1A1 

Coding 

Region 

CCGGGCTGATTTAATCGAAAGAGATC

TCGAGATCTCTTTCGATTAAATCAGC

TTTTT 

SHCLNG-

NM_000689-2 ALDH1A1 

Coding 

Region 

CCGGGCCAAATCATTCCTTGGAATTC

TCGAGAATTCCAAGGAATGATTTGGC

TTTTT 

SHCLNG-

NM_015472-1 TAZ 

Coding 

Region 

CCGGGCGATGAATCAGCCTCTGAATC

TCGAGATTCAGAGGCTGATTCATCGC

TTTTT 

SHCLNG-

NM_015472-2 TAZ 

Coding 

Region 

CCGGGCGATGAATCAGCCTCTGAATC

TCGAGATTCAGAGGCTGATTCATCGC

TTTTTG 

SHCLNG-

NM_006106-1 YAP 

Coding 

Region 

CCGGGCCACCAAGCTAGATAAAGAA

CTCGAGTTCTTTATCTAGCTTGGTGG

CTTTTTG 

SHCLNG-

NM_006106-2 YAP 

3'-

Untranslated 

Region 

CCGGCCCAGTTAAATGTTCACCAATC

TCGAGATTGGTGAACATTTAACTGGG

TTTTTG 

 Table 2.9: Sequences of lentiviral constructs used for shRNA knockdown of target 

mRNAs.  
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 Drug Treatments 

The drugs used for treatments of cell lines and primary cells are listed in table 2.9. For 

controls, the solvent for each drug was given equivalent to the maximum volume to that 

of cells treated with varying concentrations of drugs. 

Table 2.10: Drugs used in this thesis to measure their effects upon cell lines, primary 

cells and mice. 

Drug Target Solvent 

Working 

Concentration 

Verteporfin 

(Sigma) 

YAP-TEAD 

interaction 100% DMSO 1-2 µM 

Vivace compounds 

(Vivace 

Therapeutics) TEADs 100% DMSO 10-2000 nM 

ALDH1A1 

Inhibitors 

(NCATS) ALDH1A1 100% DMSO 10 µM 

Cisplatin (Cayman 

Chemicals) DNA replication 100% DMSO 25-100 µM 

TTNPB (Cayman 

Chemicals) Pan-RAR agonist 100% DMSO 10 µM 
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 Statistical Analysis 

Data was analysed using GraphPad Prism 8 and is presented as mean ± SEM. Experiments 

were completed with at least three technical or biological repeats with P-values < 0.05 

taken to be statistically significant (except where FDR is used). Technical repeats were 

used for immortalised cell lines and were carried out separately from each other. 

Biological repeats were used for primary tumour cultures or mouse samples where each 

repeat represented a separate sample from a unique patient/animal. For quantification of 

proliferation measured by Ki-67 antibody staining or EdU, at least 3 fields of view and 

200 cells per repeat were analysed in for at least three technical (cell lines) or biological 

(primary cells/mice) repeats. Results were assessed using a one-way analysis of variance 

(ANOVA) with Bonferroni’s correction. For quantification of levels of nuclear and 

cytoplasmic YAP, the pixel density of the cell which co-localised with a Hoechst nuclear 

stain was subtracted from the pixel density of the total area of the cell using ImageJ. This 

gave rise to a cytoplasmic: nuclear ratio of YAP in each cell. For each repeat, 50 cells 

were assessed this manner. 
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3 Results 

 RNA Sequencing of Schwann cell conditional knockout nerves before and 

after injury identifies novel targets for human meningioma and 

schwannoma. 

3.1.1 Introduction 

After sciatic nerve injury, P0-Cre+.NF2fl/fl mice undergo an almost complete failure to 

remyelinate and repair (Mindos et al., 2017b). Instead, Schwann cells in the nerve stump 

distal to the injury site proliferate, maintain an inflammatory environment and begin to 

show histopathological features similar to that of human schwannoma as discussed in 

Section 1.5.1. Following the additional knockout of YAP in NF2-deficient Schwann cells, 

the proliferative and inflammatory phenotype in the distal stumps of injured mice is 

almost completely reversed; mice that are P0.Cre+NF2fl/flYAPfl/fl show a functional 

recovery after injury which is indistinguishable from P0.Cre-NF2fl/flYAPfl/fl littermate 

controls (Mindos et al., 2017b). Mice with heterozygous loss of Merlin in Schwann cells 

and axons also showed a similar phenotype after sciatic nerve injury (Schulz et al., 2014).  

Because of this phenotype that showed hallmarks of schwannoma tumourigenesis that 

was reversed by removal of the Hippo effector YAP, our lab decided to conduct an RNA 

sequencing screen to determine the expression profiles of Schwann cells before and 7-

days after sciatic nerve crush injury in P0-Cre+.NF2fl/fl mice, P0-Cre+.NF2fl/flYAPfl/fl 

mice and P0.Cre-NF2fl/fl littermate controls. The rationale of this study was to identify 

RNA transcripts with an expression profile where a gene was differentially regulated in 

P0.Cre+NF2fl/fl compared to P0.Cre-NF2fl/fl littermate controls, that is abolished when 

YAP is removed in the, P0-Cre+.NF2fl/flYAPfl/fl mice. RNA transcripts following this 

expression profile would be indicative of genes which are dysregulated following loss of 

NF2 whose transcription is dependent on the nuclear activity of YAP in Schwann cells. 
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The relevance of this nerve injury model with respect to tumourigenesis has been 

previously described (Mindos et al., 2017b) and was discussed in 1.5.1. In this model the 

injury is the key stimulus to trigger Schwann cell proliferation and inflammation, which, 

when on an NF2-deficient background, leads to tumourigenesis. In the absence of injury, 

P0.Cre+NF2fl/fl peripheral nerves develop normally and tumours do not form. 

Prof David Parkinson and Dr Thomas Mindos conducted the sciatic nerve injury, 

dissected and purified RNA from sciatic nerves, which were sent for sequencing by 

Cambridge Genomic Services. Data from RNA sequencing was annotated with the help 

of Dr Matthias Futschik and Dr Vasilis Lenis. Liyam Laraba then analysed the annotated 

transcripts, and developed a selection criteria based on relative abundance of RNA 

transcript and the level of dysregulation.  

The hypothesis in this chapter is that comparison of differentially expressed RNA 

transcripts in P0.Cre+NF2fl/fl compared with P0.Cre-NF2fl/fl controls in intact and 7 days 

post-injury mice will yield novel targets that become dysregulated following loss of 

Merlin in Schwann cells. These dysregulated transcripts can then be assessed within the 

current literature for links to their roles in tumour development and Hippo signalling. 

3.1.2 Conditional deletion of NF2 and YAP in Schwann cells causes differential 

expression of genes before and after sciatic nerve crush injury. 

RNA transcripts were annotated using the mus musculus Ensembl gene ID database. 

Sequencing of control or injured P0-CRE+.NF2fl/fl mice, P0-CRE+.NF2fl/flYAPfl/fl mice 

and CRE- littermate controls nerve mRNAs was performed (n=4 per genotype) and 

Ensembl IDs were given as raw counts per million; a false discovery rate correction was 

applied to p-values, the false discovery rate was used to adjust for the number of false 

positives that arise from multiple statistical tests. RNA transcripts were filtered according 

to the following inclusion criteria: false discovery rates < 0.05 were considered significant 
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and differential regulation was defined as a Log2 (fold change) > 1 or Log2 (fold change) 

< -1 meaning that transcript number had at least doubled or halved respectively. There 

was also a minimum thresholds where Log10 (counts per million) > 0.5 in order to only 

analyse transcripts with a relevant abundance that would have the potential to elicit a 

change in protein expression. Transcripts with Log10 (counts per million) < 0.5 may 

appear as significantly differentially regulated between genotypes however this would 

likely not result in any changes at the cellular level. The bioinformatics tool Venny 2.1 

was used to identify overlaps between genotypes before and seven days after sciatic nerve 

injury in P0-CRE+.NF2fl/fl mice and CRE- littermate controls.  

There were 521 upregulated transcripts that met inclusion criteria, of which 110 were 

exclusive to intact nerves between genotypes, 330 were exclusive to injured nerves and 

81 were upregulated in both conditions (Figure 3.1.1A). There were 482 downregulated 

transcripts that met inclusion criteria, of which 147 were exclusive to intact nerves, 249 

were exclusive to injured nerves and 86 were downregulated in both conditions (Figure 

3.1.1B). Overlap of these diagrams showed that differentially regulated transcripts did 

not move from upregulated to downregulated or vice versa before and after injury (Figure 

3.1.1C). The top 10 upregulated and downregulated transcripts ranked by fold change for 

P0-CRE+.NF2fl/fl mice and CRE- littermate controls are shown in Table 3.1. In the NF2-

deficient mice post-injury, Neurofilament RNA was significantly downregulated which 

was a good indicator that the inclusion criteria was capturing the repair phenotype seen 

in these mice. NF2 transcripts did not reach the inclusion criteria of Log10 (counts per 

million) < 0.5 in the P0-CRE+.NF2fl/fl mice which is the reason that NF2 itself did not 

show in the data as a dysregulated transcript based on the inclusion criteria. The following 

section will focus on our validation of a top upregulated transcript ALDH1A1. 

ALDH1A1 was selected due to it being found to be regulated by the Hippo pathway 

transcriptional coactivator TAZ in lung cancer (Yu et al., 2017), additionally, ALDH1 
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has been shown to be a potential diagnostic marker of Schwann cell-derived tumours 

based on human histological studies (Liesche et al., 2019a). Other candidates are also 

being followed up in our lab, outside of the work done in this thesis. 
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Figure 3.1.1: Venn diagrams denoting the RNA transcript overlap between intact and 

seven day post-injury sciatic nerves in (A) upregulated, (B) downregulated and (C) 

Combined P0-CRE+.NF2fl/fl mice compared to CRE- littermate controls. Transcripts 

shown in green and red represent examples of top upregulated and downregulated genes 

respectively. There is very little overlap between significantly upregulated and 

downregulated transcripts in CRE+ vs CRE- mice in both injured and intact settings. 
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Top 10 Upregulated Genes in P0.Cre+NF2fl/fl Mice Intact Sciatic Nerve  

Top 10 Downregulated Genes in P0.Cre+NF2fl/fl Mice in Intact Sciatic Nerve  

Top 10 Upregulated Genes in P0.Cre+NF2fl/fl Mice in 7 Day Post-Injury Sciatic Nerve  

A 

B 

Top 10 Downregulated Genes in P0.Cre+NF2fl/fl Mice in 7 Day Post-Injury Sciatic Nerve  

C 

D 

Table 3.1: The top candidates from RNA sequencing of Schwann cell conditional NF2 

null mouse sciatic nerve, intact (A,B) and seven days post-injury (C,D) P0.Cre+NF2fl/fl 

mice were compared to P0.Cre-NF2fl/fl intact and injured controls respectively (n=4 per 

condition). Genes with Log
2
 (Counts Per Million) > 1.5 were considered. GeneID is 

taken from the Ensembl mouse reference genome.  
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3.1.3 Discussion 

This chapter has briefly shown the top upregulated and downregulated transcript in intact 

and 7 dpi P0.Cre+NF2fl/fl sciatic nerves compared to P0.Cre-NF2fl/fl littermate controls. 

We will now discuss the decision made to focus on ALDH1A1 and also contextualise 

some of the other candidates from table 3.1.  

All of the top candidates were subjected to a literature search in order to find putative 

links to Merlin null tumour biology or the Hippo pathway. From the upregulated targets 

ALDH1A1 was selected for validation as it was well-characterised as a cancer stem cell 

marker in multiple tumour types (Nwani et al., 2019; Namekawa et al., 2019; Yu et al., 

2017; Hoshino et al,. 2015). Additionally, ALDH1A1 had previously been linked to the 

Hippo pathway and specifically TAZ, where it was shown that TAZ drives ALDH1A1 

expression to induce cancer stem cell properties in lung cancer (Yu et al., 2017). This 

literature provided a direct link between transcriptional changes due to loss of Merlin and 

the Hippo pathway. In section 3.2.3 this was validated by confirming ALDH1A1 

upregulation in P0.Cre+NF2fl/fl and Postn.Cre+NF2fl/fl sciatic nerve. CRABP1 was also in 

the top 10 upregulated transcripts in both intact and 7 dpi P0.Cre+NF2fl/fl sciatic nerves. 

CRABP1 binds cytosolic retinoic acid and shuttles it into the nucleus and a literature 

search only revealed that its expression is associated with poor prognosis in breast cancer 

(Liu et al., 2015). As ALDH1A1 is directly upstream of CRABP1 in the retinoic acid 

signalling pathway (Figure 1.4) it would be of interest to explore the role of CRABP1 in 

Merlin null meningioma and schwannoma further. 

Other top upregulated candidates in both injured and intact P0.Cre+NF2fl/fl sciatic nerve 

included Immunoglobulin superfamily member 21 (Igsf21). Immunoglobulin 

superfamily members are typically involved in cell-cell recognition (Li et al., 2017), 

however literature searches did not reveal a link to Merlin or the Hippo pathway. 

Forkhead box protein J1 (Foxj1) is part of the forkhead family of transcription factors, 
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primarily shown to be important for ciliogenesis in tissues such as the lungs or kidney 

(Yu et al., 2008). Foxj1 has been shown to be overexpressed in colorectal cancer where 

it promotes nuclear localisation of β-catenin (Liu et al., 2017). Merlin has previously been 

shown to inhibit β-catenin signalling(Kim et al., 2016), so loss of Merlin and FoxJ1 

upregulation may be having a synergistic effect although due to the lack of a link to the 

Hippo pathway this was not explored further. Contactin 6 (Cntn6) was exclusively 

upregulated in the 7 dpi P0.Cre+NF2fl/fl sciatic nerves compared to P0.Cre-NF2fl/fl 

controls. Contactin 6 is another immunoglobulin superfamily member which functions as 

a cell adhesion molecule, it is reported to be expressed on the cell membranes of axons 

and neurons in peripheral nerves (Zuko et al., 2016). No literature was found linking 

Cntn6 to the Hippo pathway or Merlin null tumours. 

In terms of downregulated transcripts from the RNA sequencing, the non-coding RNA 

X-inactive specific transcript (Xist) was the most downregulated transcript in 7 dpi 

P0.Cre+NF2fl/fl sciatic nerves compared to P0.Cre-NF2fl/fl controls. No literature links 

Xist to the Hippo pathway or Merlin null tumours, also, Xist was found to be upregulated 

in cervical and oesophageal cancers (Chen et al., 2019, Wu et al., 2017). Adenosine 

monophosphate deaminase 1 (Ampd1) was exclusively downregulated in intact 

P0.Cre+NF2fl/fl sciatic nerves compared to P0.Cre-NF2fl/fl controls. AMPD1 converts 

adenosine monophosphate into inosine monophosphate, liberating a molecule of 

ammonia. No literature was found to link AMPD1 to the Hippo pathway or Merlin null 

tumours. 

In summary, ALDH1A1 was an upregulated transcript in 7 dpi P0.Cre+NF2fl/fl sciatic 

nerves compared to P0.Cre-NF2fl/fl controls. Upon literature review, ALDH1A1 was 

deemed the most promising candidate for validation due to the links with the Hippo 

pathway co-transcriptional activator TAZ (Yu et al., 2017) and the link to ALDH1 being 

a potential histological marker for Schwannoma (Liesche et al., 2019a). The role of 
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ALDH1A1 in Merlin null schwannoma and meningioma will now be explored in chapter 

3.2. 

 

 The Cancer Stem Cell Marker ALDH1A1 is Upregulated in Merlin Null 

Meningioma and Schwannoma Tumours 

3.2.1 Introduction 

This chapter will discuss the role of ALDH1A1 in meningioma and schwannoma. 

ALDH1A1 is a subtype within the aldehyde dehydrogenase superfamily and its primary 

enzymatic substrate is retinal (Tomita et al., 2016).  ALDH1A1 catalyses the oxidation 

of retinal into retinoic acid and thus is an integral component of retinoic acid (RA) 

signalling. In summary, lipid soluble retinol enters cells by passive diffusion and is 

sequestered by cellular retinol binding proteins (CRBPs) in the cytoplasm. Retinol 

dehydrogenase then converts retinol into retinal, with ALDH1A1 then oxidising retinal 

further to generate retinoic acid. RA is then shuttled to the nucleus by cellular retinoic 

acid-binding proteins (CRABPs), where it then activates nuclear retinoic acid receptors 

(RARs) and retinoid X receptors (RXRs) by recruiting a co-activator or co-repressor 

complex which modulates gene expression at various loci. RARs and RXRs drive 

transcription of genes which feature a retinoic acid response element (RARE) within their 

promoter (Figure 1.4) (Janesick et al., 2015). ALDH1A1 has been reported as a cancer 

stem cell marker in various malignancies. These include gastric, colon, ovarian, bladder, 

breast, lung and brain tumours. (Namekawa et al., 2019, Li et al., 2014b, Januchowski et 

al., 2016, Gao et al., 2015, Hoshino et al., 2015, Zhao et al., 2018). ALDH1A1 has been 

shown to have potential roles in detoxification of reactive oxygen species to protect 

tumour cells, as well as metabolising chemotherapeutics such as cyclophosphamide to 

confer chemoresistance (Januchowski et al., 2016, Tomita et al., 2016). 
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ALDH1A1 was significantly upregulated in NF2-deficient nerves before and after injury 

with Log2 fold changes of 2.82 and 4.46 respectively (see 3.1.2). Additionally, CRABP1 

was also the first and 10th upregulated transcript in intact and injured nerves with Log2 

fold changes of 3.65 and 3.95 respectively (see 3.1.2). CRABPs have previously been 

implicated in promoting retinoic acid signalling in breast cancer (Liu et al., 2015). This 

results chapter will assess the role of ALDH1A1 in schwannoma mouse models, primary 

meningioma and schwannoma. We hypothesised that if we can validate the 

overexpression of ALDH1A1 and identify its role, chemical inhibition or knockdown 

may lead to a reduction in tumour phenotypes in Merlin-null schwannoma and 

meningioma.  
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3.2.2 ALDH1A1 is upregulated in NF2-Deficient Mouse Models 

The RNA sequencing screen discussed in section 3.1 showed that ALDH1A1 was the 8th 

and 5th most significantly upregulated gene before and after sciatic nerve crush injury 

respectively, in P0.Cre+NF2fl/fl mice compared to P0.Cre-NF2fl/fl mice (Table 3.1). This 

screen was used to identify differentially regulated genes in P0.Cre+NF2fl/fl adult mice 

compared to P0.Cre-NF2fl/fl littermate controls both before and seven days after sciatic 

nerve crush injury.  

This regulation of Aldh1a1 was validated in P0.CreNF2fl/fl and Postn.CreNF2fl/fl mice, by 

assessing ALDH1A1 protein expression by western blot of sciatic nerve lysates and 

immunofluorescence of sciatic nerve sections, compared to age-matched Cre- littermate 

controls (Figure 3.2.1). ALDH1A1 was significantly upregulated in intact P0.Cre+NF2fl/fl 

sciatic nerve (Figure 3.2.1a), with expression increasing at least two-fold (Figure 3.2.1b). 

Likewise, at both seven and 21 days post injury (dpi), upregulation of ALDH1A1 was 

seen in injured P0.Cre+NF2fl/fl sciatic nerve transverse sections compared to P0.Cre-

NF2fl/fl injured littermate controls (Figure 3.2.2c). Interestingly, in intact NF2-deficient 

mice, ALDH1A1 upregulation was almost exclusively seen in non-myelinating Schwann 

cells within the sciatic nerve (white arrows, Figure 3.2.2). ALDH1A1 positive cells did 

not localise with the MBP positive myelinating Schwann cells in transverse sections of 

NF2-deficient sciatic nerve (Figure 3.2.2a). ALDH1A1 positive cells also did not 

associate with large diameter Neurofilament positive axons, but were only found close to 

smaller axons which are likely to be unmyelinated and reside in a Remak bundle (Figure 

3.2.2b). These results indicate that non-myelinating P0.Cre+NF2fl/fl Schwann cells 

upregulate ALDH1A1 prior to nerve injury. Post-injury, all de-differentiated Schwann 

cells also upregulate ALDH1A1 and this is maintained to at least 21 dpi when compared 

to P0.Cre-NF2fl/fl injured controls. 
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Figure 3.2.1: ALDH1A1 is upregulated in vivo in mouse sciatic nerve following loss of 

Merlin in Schwann cells. (A) Western blot showing ALDH1A1 expression in P0.Cre-

NF2fl/fl (Cre-) and P0.Cre+NF2fl/fl (Cre+) sciatic nerve lysates from adult mice at 7 days 

post-sciatic nerve crush injury (dpi), as well as the intact contralateral control, GAPDH 

was used as loading control. (B) Quantification of A, One way ANOVA with 

Bonferroni’s correction, p <0.01 = **. (C) Representative Immunofluorescence of (n=3) 

sciatic nerve transverse sections showing ALDH1A1 expression (red) at seven (top) and 

21 dpi (bottom) in P0.Cre-NF2fl/fl (left) and P0.Cre+NF2fl/fl (right) adult mice; nuclei were 

counterstained with Hoechst (blue), scale bar = 10 µm. 
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Figure 3.2.2: ALDH1A1 is exclusively upregulated by non-myelinating Schwann cells 

in NF2-deficient intact sciatic nerve. The following is representative immunofluorescence 

of n=3 repeats. (A) P0.Cre-NF2fl/fl (top) and P0.Cre+NF2fl/fl (bottom) transverse sciatic 

nerve sections showing ALDH1A1 (red) and myelin basic protein (green). Arrows show 

no apparent co-localisation between myelinating (MBP+) Schwann cells and cells 

upregulating ALDH1A1. (B) P0.Cre-NF2fl/fl (top) and P0.Cre+NF2fl/fl (bottom) 

transverse sciatic nerve sections showing ALDH1A1 (red) and Neurofilament (green). 

Arrows show ALDH1A1-positive Schwann cells are not associated with large diameter 

axons stained with Neurofilament. Bottom right image in A and B feature enlarged insets. 

Hoechst counter-stained nuclei. Scale bar = 10 µm.  
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3.2.3 The Hippo Pathway Effector TAZ is Required for ALDH1A1 Expression in 

Mouse Schwann Cells 

We next assessed was whether the Hippo pathway effectors YAP and TAZ affect 

ALDH1A1 expression in a Merlin null background. This was done because previous 

work in our lab had shown that YAP and TAZ contribute towards the proliferative 

phenotype seen in NF2-deficient Schwann cells following sciatic nerve injury (Mindos et 

al., 2017b). Additionally, YAP and TAZ have been identified as regulators of ALDH1A1 

in two different cancer types (Zhao et al., 2018, Yu et al., 2017). These mice were 

generated by crossing YAPfl/fl or TAZfl/fl mice with P0 or Postn.Cre-NF2fl/fl mice to 

maintain the conditional knockout in Schwann cells.   

Interestingly, loss of TAZ but not loss of YAP resulted in a significant reduction in 

ALDH1A1 expression in P0.Cre+NF2fl/fl mouse sciatic nerve (Figure 3.2.3). Western 

blots of sciatic nerve showed loss of Merlin together with TAZ in Schwann cells saw 

ALDH1A1 levels return to those levels seen in P0.Cre-NF2fl/fl mice (Figure 3.2.3a). 

Concomitant loss of NF2 and YAP appeared to further increase ALDH1A1 levels, 

however this result was not significant (Figure 3.2.3b) The same result was seen when 

assessed by immunofluorescence (Figure 3.2.3c). Additionally, P0.Cre+TAZfl/fl sciatic 

nerves that are NF2WT/WT show even lower level of ALDH1A1, relative to both P0.Cre-

NF2fl/fl and P0.Cre+NF2fl/fl nerves (Figure 3.2.3c). Taken together, these results show that 

TAZ is required for the expression of ALDH1A1 in sciatic nerve mouse Schwann cells 

in vivo.  

To further confirm this result, we decided to look at the same combinations of genotypes, 

but using the Postn.Cre driver where schwannoma tumour development within the DRGs 

and vestibulocochlear nerves occur spontaneously without the need for nerve injury, to 

remove NF2, together with either TAZ or YAP. The results seen in P0.Cre+NF2fl/fl mice 

sciatic nerves were consistent with those seen in the sciatic nerves of Postn.Cre+NF2fl/fl 
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mice (Figure 3.2.4), as well as in Postn.Cre+NF2fl/fl DRGs where tumours form (not 

shown).  Firstly, in the DRG of Postn.Cre+NF2fl/fl mice, we saw a clear upregulation of 

ALDH1A1 at three and five months, timepoints at which there is schwannoma tumour 

development (Gehlhausen et al., 2015) and (Grimm de Guibert, unpublished 

observations). Western blots of sciatic nerve showed at three months and five months 

(Figure 3.2.4a) ALDH1A1 was upregulated in Postn.Cre+NF2fl/fl mice compared to 

Postn.Cre-NF2fl/fl controls and that concomitant knockout of TAZ returned ALDH1A1 

expression to Postn.Cre-NF2fl/fl levels.  

Similarly, when looking by immunofluorescence of either sciatic nerve, ALDH1A1 is 

upregulated in Postn.Cre+NF2fl/fl compared to Postn.Cre-NF2fl/fl controls (Figure 3.2.4b). 

Interestingly, the morphology of the Schwann cells in intact nerve appear similar to those 

seen in P0.Cre+NF2fl/fl mice, however there appear to be long protrusions on the Schwann 

cells which are upregulating ALDH1A1 in Postn.Cre +NF2fl/fl mice. Taken together, these 

results demonstrate that ALDH1A1 is upregulated in two NF2-deficient mouse models 

in the sciatic nerve.  
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Figure 3.2.3: TAZ is required for ALDH1A1 expression in mouse sciatic nerve. (A) 

Western blot showing YAP, TAZ and ALDH1A1 levels in: P0.Cre-NF2fl/fl (lanes 1-3), 

P0.Cre+NF2fl/fl (lanes 4-6), P0-Cre+NF2fl/flYAPfl/fl (lanes 7-9) and P0-Cre+NF2fl/fl 

TAZfl/fl (lanes 10-12) sciatic nerve lysates, GAPDH was used as loading control. (B) 

Quantification of Panel A, results were normalised to GAPDH and the P0.Cre-NF2fl/fl, 

data plotted as mean +/- SEM, one-way ANOVA with Bonferroni’s correction, P<0.01 = 

**, P<0.001 = ***. (C) Representative Immunofluorescence from (n=3) mice showing 

ALDH1A1 (red) in P0.Cre+NF2fl/flYAPfl/fl and P0.Cre+NF2fl/flTAZfl/fl sciatic nerve, 

Hoechst counter stained nuclei (blue), scale bar = 10 m. (D) Immunofluorescence 

showing ALDH1A1 (red) in P0.Cre-NF2fl/fl, P0.Cre+NF2fl/fl and P0.Cre+TAZfl/fl sciatic 

nerves. Hoechst counter stained nuclei (blue), scale bar = 10 m.  
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Figure 3.2.4: ALDH1A1 is upregulated in Postn.Cre+NF2fl/fl mouse sciatic nerve. (A) 

Representative (n=3) western blot (left) and quantification (right) of three-month old (top) 

and five-month old (bottom) mouse sciatic nerve. GAPDH was the loading control, data 

plotted as MEAN +/- SEM (n=3), one way ANOVA with Bonferroni’s correction, P<0.05 

= *, P<0.01 = **. (B) Representative immunofluorescence of (n=3) ALDH1A1 (red), 

myelin basic protein (green) in  transverse sections of sciatic nerve in Postn.Cre-NF2fl/fl 

controls (top) and Postn.Cre+NF2fl/fl 5-month old mice. The endogenous background 

staining of ALDH1A1 in neuronal cell bodies was qualitatively similar in Cre- and Cre+ 

mice. Hoechst counter stained nuclei (blue), scale bar = 10 m.  
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3.2.4 ALDH1A1 is upregulated in human meningioma and schwannoma 

Having seen Aldh1a1 upregulation in the sciatic nerve and DRGS in our mouse models, 

we next tested whether the TAZ-dependent ALDH1A1 expression was seen in human 

Merlin null schwannomas and meningiomas. Firstly, expression of ALDH1A1 was 

confirmed in meningioma and schwannoma cell lines, primary cells and tissue. 

Expression was determined by Western blot and, where possible, IHC. ALDH1A1 was 

upregulated in grade I BM1 and grade III KT21 cell lines (both Merlin null according to 

previous publications (Puttmann et al., 2005, Tanaka et al., 1989)), and  also in grade III 

Merlin positive IOMM-Lee meningioma cell lines compared with HMC controls, a 

human meningeal cell line (Figure 3.2.5a). Immunofluorescence of cells showed that 

ALDH1A1 had a cytoplasmic expression and was upregulated in BM1 compared to HMC 

(Figure 3.2.5b). A panel of four Merlin positive and four Merlin negative grade I primary 

meningiomas cell lysates were assessed for ALDH1A1 expression (Figure 3.2.6a). 

ALDH1A1 was expressed in three out of four tumours within each Merlin status group. 

IHC of frozen sections of grade I meningioma whole tumour tissue also revealed a 

cytoplasmic expression of ALDH1A1 (Figure 3.2.6). The findings of the primary tissue 

western blots were not consistent with the hypothesis that ALDH1A1 expression is 

increased following loss of Merlin, however these differences could be due to the 

presence of other cell types in the tumour tissue lysates such as tumour-associated 

macrophages or fibroblasts which could express varying levels of ALDH1A1. 

ALDH1A1 expression in Merlin null human schwannoma tissue was assessed by IHC 

of paraffin-embedded sections. Sections were cut and stained by Dr Aditya Shivane and 

Dr Phillip Edwards in the neuropathology labs at Plymouth University Hospital. Aditya 

Shivane provided clinical information and assessed scores for the strength of 

ALDH1A1 staining (Figure 3.2.7, Table 3.2.1). Nine schwannomas were analysed for 

ALDH1A1 expression of which six (66.6%) received a clinical score of three (strong 
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stain), two (22.2%) received a clinical score of two (moderate) and one (11.1%) 

received a clinical score of one (mild). Normal vestibular nerve and traumatic neuroma 

tissue (Merlin positive) also scored one. ALDH1A1 expression appeared to be 

homogenous throughout the tissue in all samples; it is not restricted to a sub-population 

of cells as is seen in other tumour types (Nwani et al., 2019). These data show 

ALDH1A1 is strongly upregulated in Merlin null schwannoma tissue with 8/9 tumours 

showing increased staining compared to both healthy and neuroma controls.  
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Figure 3.2.5: ALDH1A1 is upregulated in meningioma cell lines. (A) Representative 

image of n=3 western blots showing ALDH1A1 expression in human meningeal cells 

(HMC), BM1, KT21 and IOMM-Lee cells (lanes 1-4 respectively), GAPDH was the 

loading control. (B) Quantification of (A) showing ALDH1A1 expression in meningioma 

cell lines relative to HMC, one-way ANOVA with Bonferroni’s correction, *P < 0.05, 

**P < 0.01. (C) Representative immunofluorescence (n=3) of ALDH1A1 protein 

expression (red) in HMC and BM1 cells, Hoechst (blue) counter-stained nuclei, scale bar 

= 5 m. 
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Figure 3.2.6: ALDH1A1 expression in primary meningioma cells and whole tumour 

tissue. (A) Western blot showing ALDH1A1 expression in Merlin negative and Merlin 

positive primary tumour cell lysates, GAPDH was used as loading control. (B) 

Representative immunofluorescence of (n=3) Merlin negative and Merlin positive 

meningioma (n=3), frozen tissue sections showing ALDH1A1 (red). Inset image is a 

zoom of the right panel. Hoechst (blue) counter-stained nuclei, scale bar = 50 m. 
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Table 3.2.1: Clinical information and scores for paraffin-embedded schwannomas that 

were assessed for ALDH1A1 expression. 
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Figure 3.2.7: IHC of Merlin null schwannomas (n=9) stained for ALDH1A1. 

Schwannomas are grouped by their clinical score. Merlin positive normal nerve tissue 

and Merlin positive traumatic neuroma tissue were used as controls. 

 

 

 

 



105 

 

In summary, ALDH1A1 expression is upregulated in meningioma cell lines compared 

with HMCs however this was seen in both Merlin negative human cell lines (BM1 and 

KT21), as well as Merlin positive cell lines (IOMM-Lee). In primary meningioma, 

ALDH1A1 could be detected in cell lysates and in sections of frozen tissue however there 

was not a clear correlation between Merlin status and expression.  

Following this, the importance of ALDH1A1 for the proliferation of meningioma and 

schwannoma cells was assessed. ALDH1A1 activity was modulated in three ways: 

Firstly, we used chemical inhibition using newly-derived compounds from a 

collaboration with the National Center for Advancing Translational Sciences (NCATS) 

group, MD, USA, led by Dr Adam Yasgar (Yang et al., 2018); Secondly we used 

lentiviral shRNA-mediated direct knockdown of ALDH1A1 and thirdly or  knockdown 

of TAZ in cells. Based on our observations in the mouse model Figures 3.2.3 and 3.2.4.), 

we would predict that loss of TAZ would also reduce Aldh1a1 in tumour cells.  

3.2.5  ALDH1A1 drives proliferation in Merlin Null meningioma and 

schwannoma cells in vitro. 

Given that in mouse sciatic nerve the expression of ALDH1A1 TAZ-dependent, we next 

sought to assess whether the same was true in human meningioma and schwannoma cells. 

Lentiviral mediated shRNA knockdown of YAP and TAZ was performed to assess 

whether ALDH1A1 expression is dependent on either of the Hippo pathway co-

transcriptional activators in human meningioma and schwannoma. ALDH1A1 

knockdown was also performed using lentiviral mediated shRNA. 

This was first performed in the BM1 cell line before moving on to primary meningioma 

cells which are more heterogeneous (Figure 3.2.8a). Sequences targeting YAP and TAZ 

(Table 2.9) were used alongside scramble controls to induce knockdown. Western 

blotting showed that knockdown of TAZ but not YAP reduced ALDH1A1 expression 
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compared to scramble controls (Figure 3.2.8). This result is consistent with that seen in 

mouse sciatic nerve, and suggests that TAZ drives increased ALDH1A1 expression in a 

Merlin null background in these tumour cells. Since YAP did not reduce ALDH1A1 

expression in BM1 cells, only TAZ was knocked down in primary schwannomas to view 

any effects upon ALDH1A1 (Figure 3.2.8b). As expected, knockdown of TAZ reduced 

ALDH1A1 protein expression in primary schwannoma cells compared with scramble 

controls.  

Initially, a set of six ALDH1A1 inhibitors from NCATS were screened in BM1 and HEI-

193 cells, which are grade I Merlin null meningioma and schwannoma cell lines 

respectively. Cells were incubated with 10 M of each inhibitor for 48h and assessed for 

CyclinD1 levels (Figure 3.2.9,b) and Ki67 (Figure 3.2.9c). Inhibitors 1-6 failed to reduce 

CyclinD1 expression in HEI-193 cells. Inhibitors one and two were the only compounds 

effective in reducing CyclinD1 in BM1 cells and these compounds also significantly 

reduced the number of Ki67 positive cells following 48h treatment.  

Following this, inhibitors were titrated down in concentration to assess efficacy of the 

compounds. Using inhibitor one at concentrations ranging from 1 M to 10 M there was 

a significant reduction in Ki67 positive cells at 2 M and maximum inhibition achieved 

at 5 M (Figure 3.2.10a). Next these compounds were tested in Merlin null primary 

meningioma. ALDH1A1 significantly decreased Ki67 cells In Merlin null primary 

meningiomas after treatment with inhibitors 1 and 2 for 48h (Figure 3.2.10b).  

It has previously been established that ALDH1A1 inhibition or knockdown can restore 

sensitivity to some chemotherapeutics (Januchowski et al., 2016, Sladek et al., 2002). 

This was tested in BM1 cells by combining ALDH1A1 inhibition with the 

chemotherapeutic agent Cisplatin Figure 3.2.11a). BM1 cells were incubated for 48h with 

either, vehicle, 10 M inhibitor one, 25 M Cisplatin or 10 M inhibitor one and 25 M 
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Cisplatin. The combination treatment had an additive effective compared to Cisplatin 

alone, resulting in a significant decrease in EdU positive cells. To resolve any off target 

effects of the ALDH1A1 inhibitors, BM1 cells transduced with shALDH1A1 or shTAZ 

lentivirus were compared with scramble controls for proliferation assessed by EdU 

incorporation (Figure 3.2.11b). BM1 cells transduced with shTAZ and shALDH1A1 

constructs had significantly less EdU positive cells. 
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Figure 3.2.8: Knockdown of TAZ but not YAP reduces ALDH1A1 expression. 

Lentiviral-mediated short-hairpin knockdown of YAP, TAZ and ALDH1A1. (A) 

Representative western blot (n=3) and quantification of BM1 cells transduced with 

scramble control, shYAP and shTAZ constructs (left to right respectively), GAPDH was 

the loading control. (B) Western blot and quantification of primary schwannoma cells 

transduced with scramble, shTAZ and shALDH1A1 lentiviral constructs (left to right 

respectively). GAPDH was used as a loading control. One-way ANOVA with 

Bonferroni’s correction, ** P<0.01, ***P<0.001. 
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Figure 3.2.9: Chemical inhibition of ALDH1A1 enzymatic activity in meningioma and 

schwannoma cell lines for 48h at 10 M influences CyclinD1 expression and 

proliferation. (A) Representative (n=3) western blot (left) and quantification (right) for 

CyclinD1 in HEI-193 human schwannoma cells, -tubulin was used as loading control, 

NS = non-significant. (B) Representative (n=3) western blot (left) and quantification 

(right) for CyclinD1 in BM1 cells, -tubulin was the loading control, P<0.05 = *, P<0.001 

= ***. (C, D) Representative immunofluorescence of Ki67 (red) in BM1 cells with 

incubated with either vehicle or 10 M of inhibitor 1 (C) or 2 (D). Hoechst (blue) counter-

stained nuclei. (E) Quantification of C and D, data plotted as mean +/- SEM (n=3), one-

way ANOVA with Bonferroni’s correction, P<0.001 = ***. 
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Figure 3.2.10: Chemical inhibition of ALDH1A1 activity in BM1 cells and primary 

meningioma cells significantly reduces proliferation. (A-E) Representative 

immunofluorescence images of Ki67 (red) treated with ALDH1A1 inhibitor 1 in BM1 

cells, Hoechst (blue) counter-stained nuclei. (F) Quantification of % Ki-67 positive cells 

in (A-E), data plotted as mean +/- SEM (n=3), one-way ANOVA with Bonferroni’s 

correction, NS = non-significant, P<0.01 = **. (G)  Representative immunofluorescence 

images of Ki67 (red) treated with 10 µM of ALDH1A1 inhibitor 1 or 2. (H) 

Quantification of % Ki-67 positive cells in primary meningioma following incubation for 

48h with either 10 M of inhibitor 1 or 2. Hoechst (blue) counter-stained nuclei. Data 

plotted as mean +/- SEM (n=3), one-way ANOVA with Bonferroni’s correction, P<0.05 

= *, P<0.001 = ***. Scale bars = 10 µm. 
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Figure 3.2.11: ALDH1A1 inhibitors increase Cisplatin sensitivity in BM1 cells (A) 

Representative immunofluorescence images (left) of EdU positive cells (red) and 

quantification (right) of BM1 cells incubated for 48 h with ALDH1A1 inhibitor one, 

Cisplatin, or combined. Hoechst (blue) counter-stained nuclei. Data plotted as mean +/- 

SEM (n=3), one-way ANOVA with Bonferroni’s correction, P<0.05 = *. (B) 

Representative immunofluorescence images (left) of EdU positive cells (red) and 

quantification (right) of EdU-positive BM1 cells transduced with Scramble, shALDH1A1 

or shTAZ lentiviral constructs. Hoechst (blue) counter-stained nuclei. Data plotted as 

mean +/- SEM (n=3), one-way ANOVA with Bonferroni’s correction, P<0.05 = *P<0.01 

= **.  

 

The effect of ALDH1A1 inhibition on proliferation was also assessed in primary 

schwannoma (n=3). Incubation with concentrations of inhibitor one ranging from 2 M 

to 10 M for 48h resulted in a significant dose-dependent reduction in Ki67 positive cells 

(Figure 3.2.13). Taken together, the results summarised here show that meningioma and 

schwannomas express ALDH1A1. Chemical inhibition or lentiviral knockdown of 

ALDH1A1 protein levels reduces proliferation in BM1 cells and Merlin null primary 

meningioma. ALDH1A1 inhibition was also shown to have an additive effect when 

combined with the chemotherapeutic agent Cisplatin in BM1 cells. The following 

discussion will contextualise these results. 
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Figure 3.2.12 Representative immunofluorescence (n=3) and quantification of Ki67 (red) 

in primary schwannoma following ALDH1A1 inhibition. Hoechst (blue) counter-stained 

nuclei. Data plotted as mean +/- SEM (n=3), one-way ANOVA with Bonferroni’s 

correction, P<0.01 = **, scale bar = 5 m. 
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3.2.6 Discussion 

ALDH1A1 has  been identified as a cancer stem cell marker in multiple different tumour 

types including bladder, ovarian, lung and colon cancers (Namekawa et al., 2019, Nwani 

et al., 2019, Yu et al., 2017, Januchowski et al., 2016, Li et al., 2014b). One recent study, 

published in 2019, has used FFPE schwannoma tissue and identified that ALDH1 staining 

could be used as a prognostic marker for schwannoma, however this study did not use 

any subtype specific antibody nor did they confirm that these schwannomas were Merlin 

positive or negative (Liesche et al., 2019b). This study also used meningioma and spindle-

cell tumours for control tissue whereas normal nerve tissue would be a better control. In 

our study, ALDH1A1 is significantly upregulated in two different NF2-deficient 

Schwann cell mouse models of tumour formation. When this was translated to human 

schwannoma, ALDH1A1 was highly upregulated by immunohistochemistry of Merlin 

null schwannoma tissue compared to both Merlin positive normal nerve and traumatic 

neuroma. However, in terms of meningioma, western blotting and immunofluorescence 

did not establish a clear correlation between loss of Merlin and an increase in ALDH1A1 

expression, however ALDH1A1 inhibitors were still efficacious at reducing proliferation 

in primary Merlin null meningioma cells (Figure 3.2.10g).  

Upregulation of ALDH1A1 was seen before sciatic nerve injury and was still seen at 7 

and 21 dpi. In intact sciatic nerve in both the P0 and Postn-Cre mice, upregulation appears 

to be exclusive to non-myelinating Schwann cells, this is interesting as there is evidence 

that the cell of origin for malignant peripheral nerve sheath tumours seen in 

neurofibromatosis type I patients originate from non-myelinating Schwann cells (Joseph 

et al., 2008). As far as we are aware there is no way to lineage-trace non-myelinating 

Schwann cells after injury to measure if the proliferation seen in P0-CreNF2fl/fl mice is 

exclusively that of non-myelinating Schwann cells. Additionally, any non-myelinating 

Schwann cell markers such as L1 would be downregulated following injury. In 
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Postn.CreNF2fl/fl mice, ALDH1A1 is also upregulated within the non-myelinating 

Schwann cells of the sciatic nerves and DRGs compared to Cre- littermate controls at 

early and late timepoints in tumour development (three and five months). It would be of 

interest to cross Postn.CreNF2fl/fl mice with an ALDH1A1fl/fl mice with our schwannoma 

mouse model. Currently, the ALDH1A1fl/fl mouse has not been developed however a 

global ALDH1A1 knockout mice exists and is viable. ALDH1A1 knockout mice were 

gratefully received from Dr Joseph Napoli (Berkeley, California) and have been crossed  

with our NF2-deficient mice to elucidate the role of ALDH1A1 upregulation in this 

schwannoma mouse model. ALDH1A1 knockout mice show increased energy 

dispensation (they are a lot more active in the cage compared to ALDH1A1+/+ or 

ALDH1A1+/- littermates) and no other phenotype, our preliminary data (not shown) 

suggests that their peripheral nervous system develops and functions normally. 

Our group has previously identified that the phenotype seen in NF2-deficient Schwann 

cells following sciatic nerve injury can be successfully rescued by loss of the Hippo 

pathway effectors YAP or TAZ (Mindos et al., 2017b). The Hippo effector TAZ was 

found to be required for ALDH1A1 expression in both P0 and Postn NF2-deficient mice, 

this concurs with the study in lung cancer which showed that TAZ interacts with the 

ALDH1A1 promoter to drive TAZ expression (Yu et al., 2017). We did not see a change 

in ALDH1A1 expression in NF2-deficient Schwann cells following knockout of YAP, 

although this has been seen in bladder cancer (Zhao et al., 2018).  

ALDH1A1 was identified to be upregulated in Merlin negative meningioma cell lines and 

primary cells when compared to HMC controls and Merlin positive meningiomas. No 

studies have implicated ALDH1A1 as important for meningiomas however we have 

shown that inhibition of ALDH1A1 significantly decreases the proliferation of both the 

Merlin negative meningioma cell line BM1 and, more importantly, also human primary 
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meningioma tumour cells in vitro . The BM1 cell line, in line with our NF2-deficient 

mouse models, also requires TAZ for expression of ALDH1A1.  

In human Merlin negative schwannoma, ALDH1A1 was strongly expressed compared to 

Merlin positive normal nerve and traumatic neuroma controls. Primary schwannoma cells 

also require TAZ for expression of ALDH1A1. These findings concur with previously 

published Affymetrix data in schwannoma and also other studies assessing ALDH1 

expression in FFPE schwannoma tissue (Liesche et al., 2019b, Torres-Martin et al., 2013), 

but this study is the first to link the Hippo pathway co-transcriptional activator to 

ALDH1A1 expression on a Merlin-null background. 

Given our evidence of the importance of Aldh1a1 in driving tumour growth, we then 

targeted ALDH1A1 activity in tumour cells to measure effects upon cell proliferation and 

phenotype. ALDH1A1 competitive inhibitors from NCATS and lentiviral-mediated 

knockdown of ALDH1A1 was used to assess the efficacy of inhibition in meningioma 

cell lines and primary cells, as well as primary schwannoma. In all these settings, 

ALDH1A1 inhibition or knockdown significantly reduced proliferation. These data show 

promise and following development of the PostnCre.NF2fl/flALDH1A1ko mice, could be 

moved into in vivo use in both schwannoma and meningioma mouse models. The 

mechanism by which ALDH1A1 supports cancer stem cells varies by cell type but recent 

reports have begun to elucidate some of the roles of ALDH1A1 in tumours. Firstly, 

ALDH1A1 acts through modulating levels of retinoic acid signalling which results in 

recruitment of RARE elements an can lead to modulation of protein expression 

(Namekawa et al., 2019). Another mechanism of action for ALDH1A1 is through 

detoxification of reactive oxygen species or chemotherapeutics (Liu et al., 2019, Wei et 

al., 2017). In line with the study in Cisplatin-resistant lung cancer, our data shows that 

ALDH1A1 inhibition increases sensitivity to Cisplatin in BM1 cells. More experiments 



119 

 

need to be conducted to determine the role of ALDH1A1 in NF2-deficient meningioma 

and schwannoma.  

Interestingly, another top upregulated candidate in the RNAseq analysis in Chapter 3.1 

was CRABP1, a protein which shuttles retinoic acid from the cytoplasm into the nucleus. 

This adds weight to the hypothesis that ALDH1A1 upregulation is increasing the 

bioavailability of nuclear retinoic acid in NF2-deficient Schwann cells and that this leads 

to increased retinoic acid signalling through nuclear receptors. Future studies in this area 

should seek to identify the mechanism by which ALDH1A1 is driving proliferation in 

Merlin negative meningioma and schwannoma and also determine the phenotype in the 

Postn.Cre schwannoma mouse model following ALDH1A1 knockout. Figure 3.2.14 

outlines a summary of the NF2-TAZ dependent upregulation of ALDH1A1 upregulation 

seen in Merlin-deficient schwannoma and meningioma. 

In summary, this chapter identifies that the cancer stem cell marker ALDH1A1 is 

upregulated in NF2-deficient meningioma and schwannoma. The Hippo pathway effector 

TAZ is required for upregulation of ALDH1A1 and ALDH1A1 inhibition or knockdown 

reduces proliferation in meningioma and schwannoma primary cell lines. Further work 

on this cancer stem cell marker may yield new therapeutic opportunities. 
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Figure 3.2.14: Aldehyde dehydrogenase 1A1 (ALDH1A1) is upregulated in NF2-

deficient schwannoma and meningioma through a Transcriptional coactivator with PDZ-

binding motif (TAZ)-dependent mechanism. We propose that nuclear accumulation of 

TAZ due to lack of phosphorylation by large tumour suppressor kinase 1/2 (LATS1/2) 

drives expression of ALDH1A1 through either activation of the TEAD transcription 

factors or a direct interaction with the ALDH1A1 promoter region. ALDH1A1/TAZ 

knockdown or ALDH1A1 inhibition reduces proliferation in primary human meningioma 

and schwannoma cells and restores sensitivity to the chemotherapeutic cisplatin.  
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 Hippo Pathway regulation in meningioma and schwannoma and the use of 

novel inhibitors to target YAP/TEAD activity. 

 

3.3.1 Introduction 

Loss of Merlin occurs in 50-60% of sporadic meningiomas and in more than 70% of 

sporadic schwannomas (Yuzawa et al., 2016, Havik et al., 2018). Previous data in 

meningioma and schwannoma cells have shown that loss of Merlin dysregulates Hippo 

signalling, resulting in increased nuclear YAP and TAZ localisation (Striedinger et al., 

2008, Li et al., 2010). The first aim of this thesis was to identify and characterise the 

differences in the Hippo pathway signalling displayed by Merlin positive and Merlin 

negative tumours. To examine this, the expression of Hippo pathway components in 

primary meningioma needed to be assessed first to determine if there is differential 

expression and/or activation of YAP, TAZ or upstream pathway components. Following 

this, we next asked whether Merlin negative tumours require Hippo signalling to be 

tumourigenic, in terms of proliferation, survival or other tumour phenotypes. To approach 

these aims we first used lentiviral-mediated knockdown and chemical inhibition of YAP 

and TAZ activity. Primary meningiomas stratified by Merlin status are hugely diverse in 

their genetics and epigenetics. There are various mutational hotspots that either co-occur 

with loss of Merlin but are also present in Merlin positive meningioma tumours, either 

alone or in combination with other mutations. These include proteins such as TRAF7, 

KLF4 or AKT1 (Suppiah et al., 2019, Yuzawa et al., 2016). Although in this project the 

only selection criteria for primary cells was Merlin status, other factors were kept record 

of in order to make subsequent correlations if necessary. These include clinical factors 

such as age gender and tumour location. Merlin negative and positive tumours can vary 

by mutations of well-characterised proteins such as TRAF7, AKT1, SMO or SMARCB1. 

Typically, Merlin negative tumours do not feature homozygous mutations in these 
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proteins, however following sequencing of tumour DNA by Dr Claire Adams in the 

Hanemann group in Plymouth, some were found to be heterozygous for certain screened 

proteins such as TRAF7.  

Data in this chapter will show an analysis of the expression of Hippo pathway components 

in Merlin null tumours compared to both controls and Merlin positive meningioma 

tumours. It will also assess the correlation between nuclear localisation of YAP and TAZ 

with respect to proliferation in these tumours. The work in this chapter will also assess 

the effect of chemical inhibition of the YAP and TAZ interaction with TEAD family 

members and knockdown of YAP and TAZ in these tumours. We hypothesise that 

inhibition of YAP/TAZ driven transcription will lead to a decrease in proliferation in 

Merlin null meningioma and schwannoma. 

3.3.2 Expression of Hippo Pathway Proteins in Meningioma Cell Lines and 

Primary Meningioma cells 

 As an initial investigation of Hippo signalling in meningioma cells, the effects of Merlin 

status on Hippo pathway protein level and activation was examined by western blot 

(Figure 3.3.1). The Hippo pathway centres around a core kinase cascade in which 

LATS1/2 phosphorylate YAP and TAZ to sequester them in the cytoplasm. When the 

pathway is active, YAP and TAZ do not activate transcription factors such as TEAD 

family members (Figure 1.2). HMC and BM1 cells were used, which are human 

meningeal control cells and a grade 1 Merlin negative immortalised cell line respectively. 

HMC cells, BM1 cells as well as three Merlin positive and three Merlin negative primary 

meningioma cell lysates were western blotted for: LATS1; LATS2; YAP; phosphorylated 

YAP (p-YAP); and TAZ. In schwannomas, Merlin has been shown to inhibit the 

degradation of LATS1/2 (Li et al., 2010), leading to stabilisation and activation of YAP 

and TAZ, however there was no apparent differential expression of LATS1 or LATS2 

proteins in Merlin negative compared to Merlin positive primary meningioma cells. 
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LATS1 protein levels were downregulated in BM1 cells compared to HMC cells but 

LATS2 levels were unchanged. HMC cells have limited use as a control cell as they were 

derived from foetal tissue and therefore do not represent meningeal cells that have been 

fully developed in an adult human, that being said, HMC cells were also the best available 

source of non-tumourous meningeal cells that can be cultured. This data suggests Merlin 

does not modulate LATS1/2 protein expression levels in primary meningioma. Similarly, 

there was no change in levels of YAP, p-YAP or TAZ when comparing Merlin negative 

and Merlin positive tumour cell lysates. This suggests that loss of Merlin does not 

modulate the overall expression of YAP or TAZ. Loss of Merlin also does not affect the 

expression of LATS1 or LATS2 proteins in primary meningioma cells in vitro (Figure 

3.3.1). Due to this, an important next step in this thesis was deducing whether Hippo 

signalling is more active in Merlin negative primary meningioma.  
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Figure 3.3.1: Merlin status does not regulate expression of Hippo pathway components 

in cultured primary meningioma cells. Western blot showing expression of Hippo 

pathway components in HMC cells, BM1 cells (n=3 technical repeats) and three Merlin 

negative/positive primary meningioma cell lysates (n=3 biological repeats). GAPDH was 

the loading control. In line with previous reports, protein expression in meningiomas is 

highly heterogeneous.  
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3.3.3 The YAP-TEAD Inhibitor Verteporfin Reduces Proliferation in Primary 

Meningioma Cells 

Verteporfin (VP) is a porphyrin derivative compound used in photodynamic eye therapy 

that has seen recent repurposing as a potent inhibitor of the YAP-TEAD interaction 

(Felley-Bosco and Stahel, 2014). VP’s role as a YAP-TEAD inhibitor is independent 

from its established role as a photosensitiser, where it is combined with infrared laser 

light to treat vascular issues in the retina (Felley-Bosco and Stahel, 2014), indeed it has 

been shown that VP elicits its effect on the YAP-TEAD interaction in the absence of light 

(Feng et al., 2016). At the start of the work in this thesis, VP was the only well 

characterised commercially available inhibitor of the Hippo pathway downstream 

effectors YAP and TAZ. VP was used to determine how critical YAP and TAZ are for 

driving proliferation in primary meningioma. Five Merlin negative and five Merlin 

positive primary meningioma cell cultures were treated with either: vehicle, 1 μM or 2μM 

VP for 48 h. The tumour cells were then assessed for proliferation by Ki-67 staining 

(Figure 3.3.2a). In Merlin negative tumours, average proliferation in the vehicle treated 

cells was 68% ± 6% whereas in Merlin positive tumours it was 36% ± 4% (Figure 3.3.2b). 

Merlin positive tumours were not only less proliferative than Merlin negative tumours 

but they were also less affected by VP treatment. VP only significantly (p < 0.001) 

reduced proliferation in Merlin positive tumours at the 2 μM concentration, whereas in 

Merlin negative tumours, 1 μM VP significantly (p < 0.01)  reduced proliferation and the 

reduction of proliferation was much  more marked (Figure 3.3.2b).  

Given that YAP and TAZ are not significantly differentially expressed in primary 

meningioma in our experiments, the nuclear localisation of YAP and TAZ were 

investigated to see if this could reveal both differences in Hippo signalling and the 

differential effects of VP on Merlin negative and Merlin positive tumours. A study 



126 

 

looking at endometrial cancer demonstrated that VP influenced the subcellular 

localisation of YAP and TAZ (Wang et al., 2016).  
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Figure 3.3.2: Verteporfin reduces proliferation in Merlin negative and Merlin positive 

primary meningioma cells. (A) Representative immunofluorescence of (n=5) Merlin 

negative (top panel) and Merlin positive (bottom panel) cultured primary meningioma. 

Ki-67 positive staining (red) in the nucleus shows proliferating cells, nuclei were 

counter-stained with Hoechst, scale bar = 10 µm. (B) Quantification of Ki-67 positive 

nuclei in (A), n = 5, two-way ANOVA with Bonferroni's correction, *P<0.05, 

***P<0.001 NS = non-significant.  
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3.3.4 Loss of Merlin Causes Translocation of YAP into the Nucleus in 

Meningioma 

We then next investigated whether loss of Merlin resulted in increased nuclear 

localisation of YAP. Increased nuclear YAP was seen in human Merlin-depleted 

arachnoidal cells and a Merlin negative meningioma cell line by Striedinger et al, but has 

not been investigated in primary cells. Nuclear localisation of YAP was assessed in 

Merlin negative and Merlin positive primary meningioma (n=3 biological repeats) by 

immunofluorescence (Figure 3.3.3a) and quantified (Figure 3.3.3b). Quantification was 

completed by subtracting the fluorescence intensity of YAP antibody signal from the total 

fluorescence intensity per cell. As expected, there was significantly higher nuclear 

localisation of YAP in the Merlin negative meningiomas. Average nuclear YAP in Merlin 

negative tumours was 72% compared to 34% in Merlin positive tumours. The nuclear 

localisation of YAP was also assessed following 2 μM VP inhibition as previous reports 

have suggested that VP upregulates 14-3-3 proteins resulting in increased cytoplasmic 

sequestration of YAP (Wang et al., 2016). In both Merlin negative and Merlin positive 

primary meningioma there was no significant difference in YAP localisation following 

VP treatment (Figure 3.1.3b), suggesting that in these tumours, VP is acting through 

inhibition of the YAP-TEAD interaction in the nucleus of meningioma cells and not by 

altering YAP localisation. 
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Figure 3.3.3: Verteporfin does not affect the nuclear localisation of YAP in primary 

meningioma cells. (A) Representative YAP (red) immunofluorescence of (n=3) Merlin 

negative (top two panels) and Merlin positive (bottom two panels) cultured primary 

meningioma, nuclei were counter-stained with Hoechst, scale bar = 10 µm. (B) 

Quantification of the amount of nuclear YAP in primary meningioma treated with either 

vehicle or 2 µM verteporfin, n = 3, unpaired t-test, *P<0.05, NS = non-significant.  
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3.3.5 Knockdown of YAP or TAZ Proteins Reduces Proliferation of both the 

Meningioma cell line BM1 and Primary Human Meningioma Cells 

Having seen a strong effect of VP upon meningioma cell proliferation, we next performed 

experiments using lentiviral shRNA constructs to knockdown either YAP or TAZ in cells 

and measure the effects upon cell proliferation. As with other inhibitors, VP may have 

other targets so a knockdown approach was used. YAP or TAZ were knocked down in 

meningioma and schwannoma cells in order to determine if the effect of VP inhibition on 

proliferation was due to the drug blocking YAP and TAZ nuclear activity. VP has been 

shown to block the TEAD interaction with both YAP and TAZ (Liu-Chittenden et al., 

2012), knockdown experiments will demonstrate whether VP is also having off target 

effects as well as whether YAP and TAZ exert different effect in Merlin null tumours 

(Felley-Bosco and Stahel, 2014). We hypothesised that if VP inhibition leads to a stronger 

reduction in proliferation compared with YAP and TAZ knockdown, then VP was 

eliciting off target effects. Knockdown of YAP or TAZ was first performed in the Merlin 

negative BM1 immortalised cell-line. Lentiviral-mediated knockdown of YAP and TAZ 

was achieved using two shRNA constructs for each, targeted towards YAP (YAP281, 

YAP282) and TAZ (TAZ149 and TAZ150). Following lentiviral infection and puromycin 

selection of BM1 cells, cells were assessed for knockdown by first western blot and then 

cell proliferation using Ki-67 immunofluorescence. YAP expression was reduced to less 

than 10%  seen in control BM1 cells following transduction with both YAP shRNA 

constructs, whereas TAZ expression was reduced to approximately 24% for TAZ149 and 

18% for TAZ150. This knockdown of YAP and TAZ proteins was confirmed by western 

blot (Figure 3.3.4.A, B, C, and D); all lentiviral shRNA constructs significantly reduced 

their respective target protein compared to scramble control expressing vectors.  



133 

 

In the following experiments YAP282 and TAZ150 were used as they displayed the highest 

mean knockdown in BM1 cells (Figure 3.3.4) In BM1 cells, knockdown of both YAP and 

TAZ significantly reduced the proportion of Ki-67 positive proliferating cells compared 

to scramble control infected cells (Figure 3.3.4.E,F). When compared to VP treatment, 

knockdown of YAP or TAZ resulted in a lesser reduction in proliferation, this may be 

due to off target effects of VP or the incomplete knockdown of YAP and TAZ we 

observed, or that YAP and TAZ would need to be knocked down simultaneously. 

Following this, knockdown of YAP or TAZ proteins was assessed in three Merlin 

negative primary meningiomas. Knockdown in primary meningioma was also verified by 

western blot (Figure 3.3.5C). Primary human meningioma cell proliferation was 

significantly reduced following knockdown of either YAP or TAZ compared to scramble 

controls (Figure 3.3.5A, B). Once again, the reduction of proliferation seen by 

knockdown was less than that following VP treatment. 
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Figure 3.3.4: Knockdown of YAP or TAZ significantly reduces proliferation in BM1 cells. 

Representative Western blots (n=3) showing (A) YAP and (B) TAZ knockdown compared 

to scramble controls, GAPDH was the loading control. In BM1 cells, both YAP and TAZ 

expression is decreased following transduction with lentiviral constructs. Quantification 

of (C) YAP and (D) TAZ expression following knockdown relative to scramble controls. 

(E) Representative immunofluorescence images showing Ki-67 (red) following YAP and 

TAZ knockdown relative to scramble controls, scale bar = 10 µm. (F) Quantification of 

(E) displayed as the percentage of Ki-67
+
 nuclei; knockdown of YAP or TAZ significantly 

reduces proliferation in BM1 cells,  n = 3, one-way ANOVA, *P<0.05.  
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Figure 3.3.5: Knockdown of YAP or TAZ in primary Merlin-null meningioma cells 

reduces proliferation. (A) Quantification of (C) displayed as the percentage of Ki-67+ 

nuclei, n = 3, one-way ANOVA, **P<0.01. (B) Western blot confirming knockdown of 

YAP and TAZ in primary meningioma MN126, GAPDH was used as loading control. 

(C) Representative immunofluorescence of Ki-67 (red) following YAP or TAZ 

knockdown compared to scramble controls, scale bar = 10 μm. Cellular proliferation 

measured by Ki-67 expression is significantly reduced following knockdown of either 

YAP or TAZ in Merlin negative primary meningioma compared to scramble transduced 

controls. 
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3.3.7 Vivace Inhibitors are a Novel Selective Inhibitor of YAP and TAZ 

Mediated TEAD Transcriptional Activity 

Vivace Therapeutics have developed a library of small molecule inhibitors that inhibit 

TEAD autopalmitoylation (Calses et al., 2019). Palmitoylation is a necessary post-

translational  modification for TEAD protein stability as well as for YAP and TAZ to 

bind and drive transcription (Kim and Gumbiner, 2019). A collaboration with Vivace 

allowed for screening of six inhibitors with varying specificities for TEADs 1-4, with 

some that selectively inhibiting one isoform and others that inhibit all TEAD proteins. 

The structure and composition of the Vivace inhibitors are currently under patent and 

protected by a material transfer agreement, so cannot be discussed in this thesis.  

The six Vivace inhibitors were first screened for activity using an EdU proliferation assay 

in BM1 cells as a preliminary experiment before primary human meningioma cells were 

tested. EdU is incorporated into the nucleic DNA of proliferating cells during S-phase in 

the cell cycle and can be detected by a Click chemistry reaction, providing a cleaner more 

efficient signal than with Ki-67 immunostaining following a four hour EdU pulse. EdU 

was adopted at this point in the thesis as attempts to immunostain for Ki-67 in mouse 

DRG did not provide a specific punctate-nuclear signal as we were seeing in 

immunocytochemistry experiments (see EdU staining in Figure 3.3.13). 1 μM or 2 μM of 

each of the six different inhibitor compounds was administered to BM1 cells for 48 h; 

DMSO (the compound vehicle) was used as a control, these starting concentrations for 

the compounds were recommended to us by Vivace Therapeutics (private 

communication). All six Vivace compounds significantly reduced the number of EdU+ 

nuclei compared to vehicle controls (Figure 3.3.6A) with compounds 3 (VT03697) and 5 

(VT04153) causing the biggest reduction in proliferation from 22% in the DMSO vehicle 

to 3% and 2% respectively at 1 μM (Figure 3.1.6B). As these inhibitors should be 

efficacious in tumours that rely on aberrant YAP activation, the grade 3 Merlin negative 
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meningioma cell-line KT21 and the Merlin negative schwannoma cell-line HEI-193 were 

also screened with the six different Vivace compounds for their effects on proliferation. 

In both HEI-193 schwannoma and KT21 meningioma cells, proliferation was 

significantly inhibited by Vivace compounds at concentrations of 2 μM, with VT04153 

providing the strongest inhibition of proliferation (Figure 3.3.7). 
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Figure 3.3.6: Vivace compounds significantly reduce proliferation in BM1 cells. (A) 

Representative immunofluorescence of EdU (green) in BM1 cells following inhibition 

with two Vivace inhibitors: VT04153 (compound 5) and VT03697 (compound 3), scale 

bar = 10 μm. (B) Quantification of all six Vivace inhibitors that were screened in BM1 

cells at concentrations of 1 µM (left) and 2 µM (right), displayed as the percentage of 

EdU+ nuclei, n = 3, one-way ANOVA, ***P<0.001.  
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Figure 3.3.7: The proliferation of the Merlin negative grade 3 meningioma cell line 

KT21 and the Merlin negative schwannoma cell line HEI-193 is inhibited by 

VT04153 (compound 5) (A) Representative immunofluorescence of EdU (green) in 

KT21 cells (left) and HEI-193 cells (right) following inhibition with Vivace inhibitors, 

scale bar = 10 μm. (B) Quantification of all six Vivace inhibitors that were screened in 

KT21 and HEI-193 cells at concentrations of 1 µM (left) and 2 µM (right), displayed as 

the percentage of cells with EdU+ nuclei, n = 3, one-way ANOVA, **P<0.01 

***P<0.001.  
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Given that inhibition of palmitoylation in TEAD family members has been shown to lead 

to decreased protein stability (Kim and Gumbiner, 2019), we next tested  if the Vivace 

inhibitors were causing a reduction in total TEAD levels in BM1,  KT21 and HEI-193 

cells. Cells were incubated with either vehicle or 2 μM of each inhibitor for 7 days. This 

long incubation was chosen to ensure that all existing palmitoylated TEADs would likely 

be turned over within 7 days and that any TEAD expression detected would have been 

transcribed and translated in the presence of inhibitor. This timeline was based on 

previous studies in HEK293 cells where the protein translation inhibitor cycloheximide 

was used to show mutant TEAD4 that cannot undergo palmitoylation is degraded within 

24 hours, whereas WT TEAD4 is stable for > 24 hours (Kim and Gumbiner, 2019). All 

four TEAD protein family members were detected by Western blot using a Pan-TEAD 

antibody. In BM1 cells, five out of six compounds significantly reduced TEAD1-4 

expression by more than 50% compared to the vehicle (Figure 3.3.8A, B). In KT21 cells 

(Figure 3.3.8C) and HEI-193 cells (Figure 3.3.8D), there was no significant change in 

TEAD expression in treated cells compared to vehicle, suggesting that in these cells 

Vivace compounds do not modulate TEAD expression. 

Overall, the efficacy of these inhibitors in a low and high grade meningioma cell line and 

a schwannoma cell line provided a foundation to move on to testing in both human 

primary meningioma and schwannoma tumour cells. A limitation of these results is that 

cell death was not assessed, however during these experiments, we did not see any 

examples of pyknotic nuclei that may have been indicative of apoptosis or necrosis.  
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3.3.8 Vivace Compounds Inhibit Primary Meningioma and Schwannoma in 

Vitro 

Next, we determined the efficacy of Vivace compounds in primary meningioma cells. We 

hypothesised that the Merlin negative primary meningiomas would be more susceptible 

to inhibition that Merlin positive tumours. We performed EdU proliferation assays on 

Merlin negative primary meningiomas (n=3) treated for 48 h with either: vehicle, 10 nM; 

100 nM or 1 µM of VT04153, the most efficacious inhibitor based on inhibition of BM1 

cells. This concentration range was chosen as our previous results testing VP had revealed 

that primary meningioma cells were more sensitive to YAP and TAZ knockdown than 

cell lines in terms of reducing proliferation (see Figures 3.3.4 and 3.3.5), additionally we 

wanted to use a log-range of concentrations in order to determine IC50 values. Merlin 

negative primary meningioma cell proliferation was significantly reduced with VT04153 

at concentrations of 100 nM and above compared to vehicle (Figure 3.3.9A, B), where 

cell proliferation decreased 3-fold with an IC50 of 34.6 nM. Following this, VT04153 was 

used at 100 nM for subsequent experiments. Next, the efficacy of VT04153 was tested in 

five Merlin positive meningiomas alongside five Merlin negative meningiomas. 

Surprisingly, Merlin positive meningiomas saw a greater decrease in proliferation 

following 48 h treatment, where in two cases, no EdU positive cells were observed. 

(Figure 3.3.9C), although their baseline proliferation was significantly less than in Merlin 

negative meningiomas. When both Merlin negative and Merlin positive tumours are 

grouped together, mean proliferation is significantly reduced from 28.6% to 9.4% (Figure 

3.3.9D). Subsequently, the expression of the four TEAD family members was assessed 

by western blot to see if in primary meningiomas, an isoform specific inhibitor could be 

used which would be favourable for clinical use as it would only inhibit TEAD family 

members expressed in meningioma and schwannoma and not target different isoforms 

that may be expressed in healthy tissue. Three Merlin negative and three Merlin positive 
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grade 1 meningioma cells were western blotted and showed variable expression of all 

four family members, there was no trend between Merlin status and isoform expression 

(Figure 3.3.10).  However, western blot quantification of all TEAD isoforms detected by 

a Pan-TEAD antibody showed that total TEAD expression was significantly higher in 

Merlin positive tumours compared with Merlin negative tumours (Figure 3.3.10), this 

may provide an explanation as to why Merlin positive tumours are also susceptible to VT 

inhibition (see Figure 3.3.9c) . Clinical and genotype information for these tumours were 

collected and compiled by Dr Claire Adams and are shown in table 3.3.1. For Merlin 

negative tumours, MN122 was heterozygous for TRAF7 N520S whilst MN139 and 

MN140 did not have any mutations at tested hotspots. For Merlin positive tumours, 

MN088 did not have any mutations at tested hotspots, MN147 was heterozygous for 

TRAF7 N520S and MN149 was heterozygous for AKT1 E17K. This panel would need 

to be expanded to ascertain whether common mutations seen in Merlin negative and 

Merlin positive meningiomas lead to differential expression of TEAD family members. 
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Figure 3.3.9: Vivace compounds reduce proliferation in Merlin null primary 

meningioma cells (A) Representative immunofluorescence showing EdU positive cells 

(red), Hoechst counter-stains nuclei (blue). (B) Quantification of EdU positive cells 

following inhibition with VT04153 seen in (A), n = 3, one-way ANOVA, *P<0.05. (C) 

Comparison of Merlin negative and Merlin positive primary meningiomas treated with 

vehicle or VT04153, n = 5, two-way ANOVA with Bonferroni’s correction, *P<0.05, 

**P<0.01 (D) Combined quantification of all meningiomas regardless of Merlin status (n 

= 10), one-way ANOVA, *P<0.001. 
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Figure 3.3.10: TEAD expression in heterogeneous in primary meningioma cells but 

Merlin positive meningiomas express higher levels of TEAD overall. (A)Western blot 

of n=3 Merlin negative and Merlin positive primary meningioma cells for TEAD family 

members, GAPDH was the loading control. Expression of the various TEAD family 

members is heterogeneous between Merlin negative and Merlin positive tumours with 

no apparent correlation between expression and Merlin status. (B) Quantification of (A), 

Merlin-positive primary tumour cells express significantly higher Pan-TEAD when 

compared to Merlin negative primary tumour cells, Student’s t-test with Welch’s 

correction, *P <0.05. 
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Merlin negative primary schwannoma cells were also dosed with VT04153 to 

determine the effect of TEAD inhibition on their proliferation as well as to assess 

TEAD expression. Personal communication with Vivace led us to investigate 

whether VT04153 could also cause dysregulation of TEAD family member 

expression as previously reported (Kim and Gumbiner, 2019). Three primary 

schwannomas were treated for 48 h and 7 d with VT04153 and assessed for 

proliferation by an EdU incorporation assay (Figure 3.3.11) and western blot to 

determine expression of TEAD levels and the Hippo pathway readout gene CTGF 

(Figure 3.3.12). Following treatment, primary schwannoma cell proliferation was 

significantly reduced at concentrations of 100 nM and above (Figure 3.3.11A, B), 

with mean proliferation decreasing from 14.2% ± 0.4% to 5.2% ± 1.6%. 

Following this, the same primary schwannomas were treated for 7 d with 2 µM 

VT04153 to assess TEAD and CTGF expression. As seen in primary meningioma, 

primary schwannoma cells showed variable expression of TEAD family members 

between replicates. The hippo readout gene CTGF was downregulated following 

treatment with VT04153 indicating that the drug is blocking TEAD-dependent 

transcription (Figure 3.3.12). Taken together these results suggest that inhibition 

of Hippo pathway driven TEAD transcription can effectively reduce proliferation 

in both primary meningioma and schwannoma cells. 
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3.3.9 Preliminary Assessment of Vivace Inhibitors in the Postn-Cre Schwannoma 

Mouse Model 

Vivace compounds which inhibited all TEAD members significantly reduced 

proliferation in primary meningioma and schwannoma. In primary schwannoma we also 

demonstrated that CTGF, a protein whose expression is driven by TEADs, was 

significantly downregulated at the protein level following inhibition with Vivace drugs. 

Following this, we looked to test the compounds in vivo using the Postn-Cre schwannoma 

mouse model. In these mice, NF2 is removed by Cre recombinase specifically in Schwann 

cells of the PNS. These mice develop schwannomas in their DRGs and vestibulocochlear 

apparatus at 5-months of age although Schwann cell proliferation and hyperplasia can be 

seen in 3-month old mice. In order to label the Schwann cell and Schwann cell-derived 

satellite glial cell population within the DRG, these mice also carried the PLP-GFP 

transgene which tags these cells with GFP. 

Following personal communication with Vivace, we decided to carry out a preliminary 

experiment in 3-month old mice to assess the efficacy of inhibiting Hippo pathway driven 

TEAD transcription. For this experiment, Vivace directed us to use VT03989, a pan-

TEAD inhibitor approved for in vivo use that they reported was well-tolerated for up to 

60 days given via daily oral gavage with no adverse effects (unpublished data). 30 mg/kg 

VT03989 was administered daily for 14 days to Postn.Cre+NF2fl/flGFP+ 3-month old mice 

by oral gavage, with Postn.Cre-NF2fl/flGFP+ mice serving as age-matched littermate 

controls. 24 h before tissue collection mice were pulsed with 100 mg/kg EdU in order to 

assess proliferation in the DRGs. Sciatic nerves were also analysed by western blot in 

order to establish whether VT03989 was reducing TEAD and CTGF expression in 

Schwann cells.  

Treatment with VT03989 significantly reduced proliferation of Postn.Cre+NF2fl/flGFP+

Schwann cells and satellite glial cells which were associated with neuronal cell bodies 
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within the DRG compared to Postn.Cre+NF2fl/flGFP+ vehicle controls (Figure 3.3.13). 

Schwann cell proliferation in mice treated with VT03989 was 30% ± 6.4% less than in 

vehicle controls (Figure 3.3.13A, D). Western blotting in sciatic nerve showed that CTGF 

was only highly expressed in Postn-Cre+NF2fl/fl mice (Figure 3.3.13C). Treatment with 

VT03989 significantly reduced CTGF expression in Postn.Cre+NF2fl/fl to levels seen in 

Postn-Cre-NF2fl/fl control mice, suggesting that the drug is blocking TEAD 

transcriptional activity (3.3.13D). Additionally, the reduction in total TEAD levels in 

treated Postn-Cre+NF2fl/fl approached significance (P=0.0529), suggesting that inhibition 

of TEAD palmitoylation may be reducing TEAD stability, leading to increased 

degradation of the protein (Figure 3.3.13E). These results demonstrate that inhibition of 

Hippo-mediated TEAD-driven transcription in vivo reduces proliferation of Schwann 

cells and satellite glial cells in Postn.Cre+NF2fl/fl DRGs. There was no adverse effects or 

weight gain/loss during the oral gavage treatment period, there was also no observable 

difference in phenotype between vehicle and treated mice at this time point (Table 3.3.1). 

Subsequently, 5-month old mice will be tested as this preliminary data is expanded upon. 
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Mouse Gender Genotype Weight Adverse Effects 

      
day 
1 

day 
7 

day 
14 

day 
1 

day 
7 

day 
14 

n452 Male Postn.Cre+NF2fl/fl 23g 22g 21g n/a n/a n/a 

n453 Female Postn.Cre+NF2fl/fl 19g 21g 20g n/a n/a n/a 

n455 Female Postn.Cre+NF2fl/fl 16g 17g 16g n/a n/a n/a 

                  

n475 Female Postn.Cre-NF2fl/fl 31g 32g 32g n/a n/a n/a 

n476 Female Postn.Cre-NF2fl/fl 34g 32g 34g n/a n/a n/a 

n454 Male Postn.Cre-NF2fl/fl 28g 27g 27g n/a n/a n/a 
 

Table 3.3.1: Table to show the weight and any adverse effects of mice who received 30 

mg / kg of VT03989 by oral gavage for 14 consecutive days. N/A = not applicable. 
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Figure 3.3.13 Oral gavage with VT03989 reduces proliferation in NF2 null dorsal root 

ganglia (DRGs) (A) Representative immunofluorescence images of (n=3) 3-month old 

Postn-Cre.NF2
fl/fl

 mouse dorsal root ganglia treated with either vehicle or 30 mg/kg daily 

of VT03989 (drug) for 14 d by oral gavage. Top panel is the Postn.Cre-NF2fl/fl vehicle 

control, middle panel is the Postn.Cre+NF2fl/fl vehicle and the bottom panel is the 

Postn.Cre+NF2fl/fl drug. PLP-GFP (green) labels Schwann cells (SCs) and satellite glial 

cells (SGCs). In all images, EdU (red) depicts proliferating cells and Hoechst (blue) 

counter-stains nuclei. Proliferation is seen in the GFP
+
 SCs and SGCs which surround 

neuronal bodies. Scale bars = 10 μm. (B) Representative western blot of (n=3) biological 

repeats of mouse sciatic nerve lysate for connective tissue growth factor (CTGF) and Pan-

TEAD, (GAPDH was the loading control) in a Postn.Cre-NF2fl/fl vehicle mouse (lane 1), 

a Postn.Cre-NF2fl/fl drug treated mouse (lane 2), a Postn.Cre+NF2fl/fl vehicle treated 

mouse (lane 3), and a Postn.Cre+NF2fl/fl drug treated mouse (lane 4). (C) Quantification 

of (B), CTGF expression was significantly upregulated in Postn.Cre+NF2fl/fl vehicle 

treated mice and treatment with drug in Postn.Cre+NF2fl/fl mice returned expression to 

levels seen in Postn.Cre-NF2fl/fl controls. One-way ANOVA with Bonferroni’s correction, 

*P < 0.05, **P < 0.01. (D) Quantification of EdU-positive cells in Postn.Cre+NF2fl/fl 

vehicle and Postn.Cre+NF2fl/fl drug treated DRGs (n=3 mice). Only SCs and SGCs 

associated to neuronal cell bodies were counted from. EdU counts were normalised to 

DRG area by counting EdU+ cells within 3, 10 μm DRG cryosections per mouse and 

calculating the area of each section using ImageJ. Data plotted as Mean ± SEM, unpaired 

T-test, * = P<0.05.  
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3.3.10 Discussion 

The work in this Chapter first characterised the protein expression of the Hippo pathway 

proteins LATS1, LATS2, YAP, p-YAP and TAZ in Merlin negative and Merlin positive 

primary meningioma cultures, compared to control human meningeal cell controls. 

Studies have shown that primary meningioma expression of various Hippo pathway 

proteins is highly variable based on tumour grade and other mutations such as KLF4 and 

TRAF7, independent of Merlin status (Dunn et al., 2019). Our initial study of Hippo 

pathway protein expression showed that there is no obvious differential expression based 

on Merlin status alone. This provided a useful insight into protein expression in Merlin 

negative and Merlin positive meningiomas and the decision was made to focus on the 

downstream Hippo effectors YAP and TAZ. We believe that a large panel of stratified 

groups is needed to identify if a correlation exists between Hippo pathway protein 

expression and Merlin status. Such stratification would include tumour location, 

mutational status of other proteins such as SMO, KLF4 and TRAF7 (Suppiah et al., 2019, 

Yuzawa et al., 2016), as well looking at epigenetic factors such as methylation status 

(Murnyak et al., 2015, Lomas et al., 2005). Tumours would need to be stratified by the 

various mutational hotspots with enough in each group for suitable power. The more 

important readout of Hippo pathway activity in previous reports were changes in  the 

nuclear localisation of the co-transcriptional activators YAP and TAZ (Haskins et al., 

2014, Hong, 2013, Striedinger et al., 2008). It would also be of interest to see if Merlin 

negative meningiomas have increased activity of the E3 ligase CRL4 which has been 

shown to degrade nuclear LATS1 in schwannoma, resulting in reduced YAP 

phosphorylation (Figure 1.2) (Li et al., 2014a)  

The first link between the Hippo pathway and Merlin was established in 2008 by 

Striedinger et al (Striedinger et al., 2008). They reported that immortalised meningeal cell 

lines treated with siRNA for NF2 led to nuclear localisation of YAP. Additionally, when 
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Merlin was reintroduced into the KT21-MG1 meningioma cell line, this resulted in 

nuclear exclusion of YAP and was dependent on the phosphorylation of Merlin at residue 

Ser518. The nuclear localisation seen in our data in primary meningioma is consistent 

with Striedinger’s findings; Merlin negative primary tumour cells contain a higher 

proportion of nuclear YAP compared to Merlin positive cells. Additionally, the nuclear 

activity of YAP and TAZ leads to transcription of genes that drive proliferation and in 

line with previous studies on paraffin-embedded meningioma tumour tissue (Pavelin et 

al., 2014), Merlin negative tumour cells were seen to have a higher Ki67+ index of 

proliferation compared to Merlin positive tumours.  Following this, chemical inhibition 

of the YAP-TEAD interaction with verteporfin and lentiviral mediated shRNA 

knockdown of YAP and TAZ were both used to assess if the difference seen in 

proliferation of Merlin negative and Merlin positive tumours was due to alterations in 

Hippo signalling. Verteporfin has been shown to block the YAP-TEAD interaction which 

prevents transcription of TEAD target genes; as expected and in line with other tumour 

types (Feng et al., 2016, Pan et al., 2016), Merlin negative tumour cells experienced a 

greater reduction in proliferation compared to Merlin positive cells. A study by Wang et 

al reported that in endometrial cancer, verteporfin acts through upregulating 14-3-3 

protein resulting in increased cytoplasmic sequestration of YAP in the cytoplasm (Wang 

et al., 2016). When we analysed the subcellular localisation following treatment with 

vehicle or verteporfin, no significant difference was seen between nuclear and 

cytoplasmic YAP expression. This suggests that in meningiomas, the mechanism of 

verteporfin inhibition is through disruption of the YAP-TEAD interaction inside the 

nucleus.  

Following this work, shRNA knockdown of YAP and TAZ in Merlin negative primary 

meningioma cells showed that any off target effects of verteporfin appeared minimal as 

proliferation rates after either knockdown or treatment with verteporfin resulted in similar 
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decreases in proliferation compared to scramble or vehicle controls. These results have 

established that inhibition of YAP/TAZ activated TEAD driven transcription can 

effectively reduce proliferation in primary Merlin negative meningioma tumour cells. 

Verteporfin is not a suitable candidate for therapy as it has shown to have off-target 

toxicity, such as redox reactions with intracellular metal ions to produce reactive oxygen 

species (Eales et al., 2018). The development of novel TEAD inhibitors by Vivace 

Therapeutics gave us an unique opportunity to explore a number of orally bioavailable 

inhibitors that have the potential to be tested in vivo (Calses et al., 2019). These 

compounds showed efficacy in BM1 and KT21-MG1 Merlin negative meningioma cell 

lines as well as the HEI-193 Merlin negative schwannoma cell line. In cell lines and 

primary meningioma cells, the pan-TEAD Vivace inhibitors were consistently more 

efficacious than compounds which targeted individual TEAD isoforms. This was 

confirmed when western blotting of primary meningiomas revealed variable TEAD 

isoform expression between primary meningioma cell lysates and no observable 

correlation between TEAD expression and Merlin status. The pan-TEAD inhibitor 

VT04153 was efficacious in primary meningioma at concentrations of 100 nM and above 

and showed an IC50 of 34.6 nM. Surprisingly, Merlin positive tumour cells were also 

highly susceptible to inhibition, although their basal EdU+ index of proliferation is lower 

than Merlin negative tumour cells. There were not enough tumours tested to be able to 

effectively stratify Merlin positive tumours by other mutations such as TRAF7 or AKT1 

status, but this would clearly be an interesting path to follow in the future. In order to 

further understand the efficacy of VT04153 seen in Merlin positive primary meningioma 

we would need to correlate TEAD expression to drug efficacy in terms of reducing 

proliferation and their mutational status. In Figure 3.3.10 we showed that total TEAD 

expression was higher in Merlin positive primary meningioma cells compared to Merlin 
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negative primary meningioma cells, this could be compensating the increased nuclear 

localisation of YAP that we saw in Figure 3.3.3.  

In schwannoma, VT04153 was also efficacious at concentrations of 100 nM and above. 

Again, primary schwannoma cells showed variable TEAD expression however drug 

treatment significantly reduced expression of the TEAD-driven Hippo readout gene 

CTGF. Currently, there are multiple clinical trials ongoing in schwannoma and 

meningioma that target various cellular processes, such as MTORC1 or ERK inhibitors, 

that are linked to established mutational hotspots, canonical tumour pathways or 

immunotherapies (Killeen et al., 2019, Goutagny et al., 2017). An example of a clinical 

trial targeting an established mutational hotspot is the trial involving Vismodegib which 

inhibits SMO (trial identifier: NCT02523014) (Nigim et al., 2018). No such clinical trials 

currently exist in meningioma or schwannoma which target the Hippo pathway.  

In vivo testing of compounds is a necessary step which precedes human clinical trials. 

Communication with Vivace Therapeutics led us to test the in vivo approved pan-TEAD 

inhibitor VT03989 by oral gavage in the Postn-Cre+NF2fl/fl mouse model which is 

currently the most suitable genetic model of Merlin null schwannoma available 

(Gehlhausen et al., 2015). This model has been used previously to test the cox-2 inhibitor 

celecoxib but failed to produce a significant effect (Wahle et al., 2018). The results 

presented here show that VT03989 reduced DRG proliferation by approximately 33% 

following daily oral gavage of 30 mg/kg for 14 days. No adverse phenotype or weight 

loss was seen in either Cre+ Merlin-deficient mice or Cre- littermate controls treated with 

the compound (data not shown). Personal communication with Vivace Therapeutics has 

told us that their drug has been used in other tumours with Merlin deficiencies and is well 

tolerated when orally administered daily for 60 days, with good pharmacokinetics and 

pharmacodynamics. This information gives us the scope to increase the treatment time 

course in future experiments. It would also be desirable to assess plasma levels of 

https://clinicaltrials.gov/ct2/show/NCT02523014
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VT03989 to determine the bioavailability of a given dose. Analysis of sciatic nerve 

showed that VT03989 significantly reduced expression of the Hippo readout gene CTGF 

in Postn-Cre+NF2fl/fl whilst TEAD levels approached a significant reduction. This 

measure of Schwann cell rich sciatic nerve is a good surrogate for DRG or 

vestibulocochlear tissue however moving forward it will be important to determine the 

expression levels of these proteins at the site of tumour formation. These experiments 

were conducted at an early time point for this mouse model, before there is an established 

tumour-burden. It will be important to carry out further experiments with mice at five and 

nine months of age where there is a moderate and severe tumour-burden respectively 

according to previously published work on the model (Gehlhausen et al., 2015), this work 

is currently ongoing in our lab. As mice with this model age past nine months when 

tumour burden leads to mortality, certain vestibulocochlear abnormalities are seen and 

can be tested by behavioural testing or auditory brainstem response testing. These tests 

could be used in older mice treated with VT03989 to see if there is a functional hearing 

benefit. Taken together, the Postn-Cre+NF2fl/fl mouse model is a robust tool for assessing 

the efficacy of the promising TEAD inhibitors developed by Vivace Therapeutics. 

Translation of this drug into a meningioma mouse model has yet to be done. Currently, 

the most appropriate mouse models for this purpose have been developed by the Mawrin 

lab. There are currently no suitable Cre drivers that would result in selective genetic 

deletion of Merlin in meningeal cells (Kalamarides et al., 2002). The prostaglandin D 

synthase Cre mouse was developed by the Kalamarides lab in 2015 however tumours are 

only seen in 27% of mice and take 8 months to develop, limiting its use as a meningioma 

model (Peyre et al., 2015). Orthotopic meningioma models have been developed for 

injection and establishment of human tumour cells within the mouse brain at either the 

convexity or the skull base (Mawrin, 2017).  
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In summary, this Chapter has shown that inhibition of the Hippo pathway in Merlin null 

tumours is a viable route for reducing tumour proliferation. Figure 3.3.14 shows the 

mechanisms by which both verteporfin and Vivace therapeutics drugs prevent YAP and 

TAZ mediated transcription in Merlin-null schwannoma. Vivace therapeutics have 

developed drugs that are potent at nanomolar concentrations and can be safely used in a 

pre-clinical in vivo mouse models. This work should be expanded across different ages in 

Postn-Cre+NF2fl/fl and into the orthotopic meningioma mouse models in order to generate 

a mandate for early-phase human clinical trials.  
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Figure 3.3.14: Proposed mechanisms of verteporfin and Vivace therapeutics drugs 

inhibition in Merlin-null schwannoma. Verteporfin inhibits yes-associated protein 

(YAP)/ Transcriptional coactivator with PDZ-binding motif (TAZ) driven transcription 

by preventing the interaction with TEAD transcription factors. Vivace therapeutics 

drugs block the autopalmitoylation of a conserved cysteine residue in the YAP/TAZ 

binding domain of TEAD proteins, which prevents YAP/TAZ binding. In the absence 

of YAP/TAZ binding, TEADs are less transcriptionally active, leading to reduction in 

schwannoma proliferation.  
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4 Discussion 

 

This thesis has sought to establish the role of Hippo signalling in Merlin negative 

meningioma and schwannoma. In terms of the project aims outlined in section 1.9, firstly, 

this thesis has validated the upregulation seen by RNA sequencing of the cancer stem cell 

marker ALDH1A1. ALDH1A1 expression was revealed to be driven by the nuclear 

activity of the Hippo pathway co-transcriptional activator TAZ, but not YAP (section 

3.2). Knockdown or inhibition of ALDH1A1 led to reduction in meningioma and 

schwannoma proliferation and this work should be continued to identify a mechanism by 

which ALDH1A1 is influencing proliferation as well as using in vivo models to delete 

ALDH1A1 in a Merlin-null tumour model. Secondly, we sought to stratify meningiomas 

by Merlin status, comparing their proliferation rate and expression of Hippo pathway 

proteins such as LATS1/2, YAP and TAZ. Although there was no clear trend between 

protein expression, Merlin negative primary meningioma cells were consistently more 

proliferative than Merlin positive primary meningioma cells (section 3.3.3). Lastly, we 

showed that chemical inhibition of YAP/TAZ driven TEAD transcriptional activity is 

efficacious in Merlin null meningioma and schwannoma (section 3.3.3-3.3.10). Overall, 

we propose the findings of this thesis in figure 4.1. 
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Figure 4.1: Aberrant Hippo pathway activity in Moesin-ezrin-radixin-like protein 

(Merlin) null schwannoma and meningioma lead to increased proliferation and aldehyde 

dehydrogenase 1 A1 (ALDH1A1) upregulation which can be targeted genetically or 

pharmacologically: Red boxes show the sequence of steps that lead to increased 

proliferation in Merlin null meningioma and schwannoma. Due to loss of Merlin, 

upstream contact inhibition signals are not transduced, therefore macrophage 

stimulating protein 1/2 (MST1/2) does not phosphorylate large tumour suppressor 

kinase 1/2 (LATS1/2). Unphosphorylated LATS1/2 will not phosphorylate yes-

associated protein (YAP) or Transcriptional coactivator with PDZ-binding motif (TAZ), 

YAP and TAZ translocate into the nucleus and activate transcription factors such as 

TEAD family members, leading to upregulation of proteins such as connective tissue 

growth factor (CTGF) which drive proliferation. TAZ is also required for expression of 

ALDH1A1 in Merlin null schwannoma and meningioma. Green boxes show the various 

points in the proposed mechanism where genetic or pharmacological interventions have 

been used to ameliorate aberrant Hippo pathway activity and reduce proliferation. 
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There are currently no clinically available chemotherapeutics available for these tumours, 

which highlights the need to develop targeted therapies for those tumours which are 

inoperable or recur. In line with previous reports in immortalised cell lines (Striedinger 

et al., 2008), quantification of fluorescence intensity in Merlin negative and Merlin 

positive meningioma cells showed a significantly higher proportion of YAP localised 

within the nucleus in Merlin negative meningiomas. VP was initially developed as a 

sensitizer for photodynamic therapy but has been shown to inhibit the transcriptional 

activity of YAP and TAZ. VP has been shown to inhibit YAP and TAZ dependent 

transcription in multiple different tumour types (Feng et al., 2016, Pan et al., 2016, Felley-

Bosco and Stahel, 2014, Liu-Chittenden et al., 2012). We have shown for the first time in 

primary meningioma cells and cell lines, that VP significantly reduces proliferation when 

compared to vehicle controls. Merlin negative primary meningiomas undergo a 

significantly larger reduction in proliferation than Merlin positive primary meningioma 

cells, suggesting that Merlin negative tumours are more dependent on YAP/TAZ 

transcriptional activity for proliferation. Despite this, VP remains a rather toxic drug with 

many off target effects and is thus is not suitable for clinical applications with respect to 

tumour therapy. Our collaboration with Vivace therapeutics has allowed us to test their 

orally bioavailable inhibitors of TEAD palmitoylation, a post-translational modification 

of the TEAD family of proteins which is required for transcriptional activation by YAP 

or TAZ (Chan et al., 2016). These inhibitors significantly reduce proliferation driven by 

YAP and TAZ at nanomolar concentrations in primary meningioma and schwannoma 

cells. Our preliminary data also shows that these compounds are efficacious in the 

PostnCre-NF2 mouse model and these experiments are currently ongoing. In addition, 

the conditional NF2/YAP and NF2/TAZ Schwann cell conditional double knockout mice 

previously developed in our lab driven by the P0 promoter (Mindos et al., 2017b), are 

currently being bred to the Periostin promoter. Based on what we see with the Vivace 
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drugs and in the work done by Mindos et al, we would expect that in mice that are 

PostnCre-NF2fl/flYAPfl/fl and PostnCre-NF2fl/flTAZfl/fl would have a reduced tumour 

burden compared to PostnCre-NF2fl/fl single knockout mice. This hypothesis is based on 

the knockdown experiments we conducted in Merlin null primary meningioma and 

schwannoma where lentiviral mediated knockdown of YAP and TAZ resulted in 

significant reductions in proliferation compared to scramble controls. The Vivace 

compounds tested in this thesis show promise as a therapeutic option for treatment of 

schwannoma that after further in vivo testing could be moved into early phase clinical 

trials. In addition, the meningioma mouse models developed by the Mawrin lab (Mawrin, 

2017) would be the most suitable mouse model for testing the Vivace compounds in vivo 

using Merlin negative BM1 cells injected into the skull base or skull convexity.  

The RNA sequencing screen conducted in this thesis revealed that the cancer stem cell 

marker ALDH1A1 is significantly and strongly upregulated at the transcript level in 

Merlin null mouse Schwann cells, validation confirmed the same result at the protein 

level in two different Merlin conditional null schwannoma mouse models. Additionally, 

we see that ALDH1A1 is upregulated in Merlin negative vs Merlin positive meningioma 

and in human schwannoma biopsies compared to neuromas caused by trauma or healthy 

vestibular nerve. When we tested orally bioavailable ALDH1A1 inhibitors on primary 

Merlin negative meningioma and schwannoma cells these drugs significantly reduced 

proliferation. In a recent study the clinically approved antibiotic nifuroxazide has been 

shown to selectively bind to the ALDH1 subtype of aldehyde dehydrogenases, which 

leads to inhibition of enzymatic activity but also leads to oxidation of active site residues 

leading to cell toxicity (Sarvi et al., 2018). Both the ALDH1A1 inhibitors tested in chapter 

3.2 and nifuroxazide warrant in vivo testing in our mouse models to further explore their 

chemotherapeutic potential in schwannoma and meningioma. The ALDH1A1-/- mouse is 

viable and displays no peripheral nervous system phenotype compared to ALDH1A1+/+ 
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mice (data not shown). We are currently conducting breeding to introduce the ALDH1A1 

knockout onto the PostnCre-NF2fl/fl background to assess the importance of ALDH1A1 

upregulation in this schwannoma model.  

 

5 Future Work 

 

In vivo work with the Vivace compounds needs to be expanded across multiple timepoints 

in the Postn-CreNF2 schwannoma mouse model to look at intermediate and later stages 

of tumour development, this work is currently ongoing in our lab. In addition, testing 

these compounds in the Mawrin lab’s established xenograft meningioma models would 

allow us to progress from our promising in vitro results. In addition, characterisation of 

proliferation rates in NF2/YAP and NF2/TAZ double knockout Postn-Cre mice will allow 

us to further evaluate how important Hippo pathway-driven transcription is in this model 

of schwannoma. We also plan to develop methodologies to reliably quantify proliferation 

seen in the vestibular nerves and ganglia of the Postn-Cre mouse. Gehlhausen et al show 

loss of hearing as a phenotype in Postn-Cre Merlin null mice, detected by click-evoked 

auditory brainstem response analysis (Gehlhausen et al., 2015). Preliminary work in this 

area has begun in collaboration with Dr Dan Jagger by adapting the sciatic nerve whole-

mount protocol developed by Dun et al (Dun and Parkinson, 2018) in order to detect EdU 

positive cells within the vestibular apparatus (data not shown). Given that in humans the 

vestibular nerve is the most common site for schwannoma formation (Guan, 2014), 

developing a methodology for vestibular nerve analysis in Postn-Cre mice will be 

important for improving the translational potential of studies using both Vivace and 

ALDH1A1 inhibitors. 
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The recent study which identified nifuroxazide as a potent inhibitor of ALDH1 subtypes 

in melanoma cancer stem cell populations shows exciting potential if validated in models 

of Merlin null meningioma and schwannoma. Nifuroxazide is already approved clinically 

at efficacious concentrations and not only inhibits ALDH1 proteins but also appears to 

give rise to significant cell-specific toxicity in cells which express high levels of ALDH1 

(Sarvi et al., 2018). In the Periostin-Cre mouse model ALDH1A1 is strongly upregulated 

in all Schwann cells and satellite glial cells within the DRG whilst IHC analysis of human 

schwannoma paraffin sections showed ALDH1A1 was present in all tumour cells 

compared to controls. Given this, nifuroxazide may be able to specifically cause toxicity 

within ALDH1A1 overexpressing tumour cells without eliciting an effect on surrounding 

tissues. Investigating the efficacy of nifuroxazide in terms of proliferation and induction 

of apoptosis in primary meningioma and schwannoma as well as the Postn-Cre 

schwannoma mouse model may yield promising results. 

6 Conclusion 

 

There is a need to develop targeted therapies as an alternative to surgical resection, which 

is currently the only clinically available treatment for meningioma and schwannoma 

tumours. This thesis demonstrates that targeting aberrant Hippo pathway in Merlin 

negative meningioma and schwannoma tumours may yield promising new therapeutic 

options. Our RNA sequencing screen identified differentially regulated genes following 

loss of Merlin in mouse Schwann cells, this led to validation work which identified that 

the cancer-stem cell marker ALDH1A1 is strongly upregulated following loss of Merlin 

in multiple models of these tumours as well as in primary patient meningioma and 

schwannoma tissue. Upregulation of ALDH1A1 is driven by the Hippo effector TAZ in 

primary meningioma and schwannoma cell lines as well as in the P0-Cre and Postn-Cre 

mouse models. ALDH1A1 inhibitors show good efficacy in reducing proliferation and 



174 

 

repurposing of the clinically approved drug nifuroxazide could accelerate future in vivo 

studies, to assess whether targeting ALDH1A1 can reduce tumour burden in meningioma 

and schwannoma mouse models. TEAD palmitoylation inhibitors produced by Vivace 

Therapeutics have been used to reduce proliferation in primary meningioma and 

schwannoma cells, they are efficacious at low concentrations and our preliminary in vivo 

data should be expanded upon in order to create a mandate for an early-phase clinical trial 

for treatment of Merlin null meningiomas and schwannomas.  
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8 Appendix: 

 

This appendix demonstrates the specificity of antibodies used for immunofluorescence 

and western blotting in this thesis. 

The specificity of fluorophore-conjugated antibodies can be determined by comparing 

the signal seen in a no primary antibody control (secondary only), with the signal seen 

in tissue/cells that have been appropriately incubated with both primary and secondary 

antibodies. All permeabilisation and blocking steps were identical to those used when 

primary antibodies were included (see Methods section 2.8). Any signal seen in the 

secondary only control is assumed to be non-specific as it cannot be associated to the 

primary antibody. The secondary only controls were incubated with the relevant species 

of their corresponding primary antibody (see Table 2.7), the fluorophore-conjugated 

secondary antibodies used in this thesis are listed in Table 2.8. 
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Immunofluorescence antibody validation with no primary antibody controls: 

ALDH1A1: 

 

Figure 8.1: Immunofluorescence showing the specificity of the ALDH1A1 antibody in 

sections from mouse dorsal root ganglia tissue. Panels A-D show primary and 

secondary antibody whilst panels E-H shows the secondary antibody only control. 

Hoechst (panels A and E) shows counter-stained nuclei, a proteolipid protein promoter 

drives green fluorescent protein (PLP-GFP) expression in satellite glial cells and 

Schwann cells (PLP-GFP; panels B and F). ALDH1A1 primary antibody raised in 

rabbit, in combination with secondary anti-rabbit antibody reveals ALDH1A1 

expression in satellite glial cells and Schwann cells (panel C), whereas in the secondary 

anti-rabbit antibody control (panel G), no ALDH1A1 signal is seen. Panels D and H 

show a composite image of all channels (Merge); scale bar = 50 µm. 
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Ki-67 

 

Figure 8.2: Immunofluorescence showing the specificity of the Ki-67 antibody in 

cultured human primary meningioma cells. Panels A-C shows the primary and 

secondary antibody whilst panels D-F shows the secondary only control. Hoechst (A 

and D) shows counter-stained nuclei. Ki-67 primary antibody raised in rabbit, in 

combination with secondary anti-rabbit antibody reveals nuclear Ki-67 expression 

(panel B), whereas in the secondary anti-rabbit antibody control (panel E), no Ki-67 

signal is seen. Panels C and F show a composite image of both channels (Merge); scale 

bar = 20 µm. 
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MBP 

 

Figure 8.3: Immunofluorescence showing the specificity of the myelin basic protein 

(MBP) antibody in mouse sciatic nerve. Panels A-C shows the primary and secondary 

antibody whilst panels D-F shows the secondary only control. Hoechst (A and D) shows 

counter-stained nuclei. MBP primary antibody raised in rabbit, in combination with 

secondary anti-rabbit antibody reveals MBP expression (panel B), whereas in the 

secondary anti-rabbit antibody control (panel E), no MBP signal is seen. Panels C and F 

show a composite image of both channels (Merge); scale bar = 50 µm. 

 

 

 

 

 

 

 



194 

 

Neurofilament 

 

Figure 8.4: Immunofluorescence showing the specificity of the neurofilament antibody 

in mouse sciatic nerve. Panels A-C shows the primary and secondary antibody whilst 

panels D-F shows the secondary only control. Hoechst (A and D) shows counter-stained 

nuclei. Neurofilament primary antibody raised in chicken, in combination with 

secondary anti-chicken antibody reveals neurofilament expression (panel B), whereas in 

the secondary anti-chicken antibody control (panel E), no neurofilament signal is seen. 

Panels C and F show a composite image of both channels (Merge); scale bar = 50 µm. 

  

 

 

 

 

 

 



195 

 

TAZ 

 

Figure 8.5: Immunofluorescence showing the specificity of the TAZ antibody in 

cultured human primary meningioma cells. Panels A-C shows the primary and 

secondary antibody whilst panels D-F shows the secondary only control. Hoechst (A 

and D) shows counter-stained nuclei. TAZ primary antibody raised in rabbit, in 

combination with secondary anti-rabbit antibody reveals TAZ expression (panel B), 

whereas in the secondary anti-rabbit antibody control (panel E), no TAZ signal is seen. 

Panels C and F show a composite image of both channels (Merge); scale bar = 50 µm. 
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YAP 

 

 

Figure 8.6: Immunofluorescence showing the specificity of the YAP antibody in 

cultured human primary meningioma cells. Panels A-C shows the primary and 

secondary antibody whilst panels D-F shows the secondary only control. Hoechst (A 

and D) shows counter-stained nuclei. YAP primary antibody raised in rabbit, in 

combination with secondary anti-rabbit antibody reveals YAP expression (panel B), 

whereas in the secondary anti-rabbit antibody control (panel E), no YAP signal is seen. 

Panels C and F show a composite image of both channels (Merge); scale bar = 20 µm. 
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Western blot antibody specificity is demonstrated by showing images of uncropped 

scans of each antibody used in this thesis. Whilst images are uncropped, membranes 

may have been cut in order to probe for multiple antibodies raised in the same host 

species on the same membrane. The datasheets for each antibody are based on the 

catalogue numbers listed in Table 2.7; images obtained in this thesis were compared 

with antibody datasheets to ensure that antibody signal was at the correct molecular 

weight. 
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Examples of western blot for each antibody: 

TEAD1; TEAD2; TEAD3; TEAD4; Pan-TEAD and GAPDH: 

 

 

GAPDH (predicted 37 kDa) 37 kDa 

10kDa 

15kDa 

25kDa 

50 kDa 

100kDa 

75kDa 

Pan-TEAD (multiple isoforms) 

50 kDa 

100kDa 

75kDa 

TEAD1 (predicted 50 kDa) 

50 kDa 

100kDa 

75kDa 
TEAD2 (predicted 53 kDa)  

50 kDa 

100kDa 

75kDa 

TEAD3 (predicted 49 kDa) 

TEAD4 (predicted 53 kDa) 50 kDa 

100kDa 

75kDa 

150kDa 

250kDa 

Lane:      1       2          3          4            5        6         7          8          9       10         
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Figure 8.7: Uncropped scan of western blot membrane pieces to show antibody 

specificity for: TEAD1; TEAD2; TEAD3; TEAD4; Pan-TEAD and GAPDH. This 

western blot consisted of 10 lanes (1-10, reading from left to right). Lanes 1, 5 and 10 

contained a protein size ladder which is labelled with known molecular weights in 

kilodaltons (kDa) marked on the left of each image. All antibodies showed binding at 

the relevant molecular weight in lanes 2-4 and 6-9, which contained protein lysate. 

 

ALDH1A1: 

 

 

 

 

 

 

Figure 8.8: Uncropped scan of western blot membrane pieces to show antibody 

specificity for ALDH1A1. This western blot consisted of 15 lanes (1-15, reading from 

left to right, the right side of the 15th lane has been slightly cut). Lanes 1 and 15 

contained a protein size ladder which is labelled with known molecular weights in 

kilodaltons (kDa) marked on the left of each image. The ALDH1A1 antibody showed 

binding at the relevant molecular weight in lanes 2-14 which contained protein lysate. 

 

 

 

100kDa 

75kDa 

50kDa 

150kDa 

200kDa 

ALDH1A1  

(predicted 50 kDa) 

Lane:      1       2       3       4        5      6      7       8       9     10     11   12  13  14   15                 
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YAP/TAZ: 

 

 

 

 

 

Figure 8.9: Uncropped scan of western blot membrane pieces to show antibody 

specificity for YAP and TAZ. This western blot consisted of 10 lanes (1-10, reading 

from left to right). Lanes 1 and 10 contained a protein size ladder which is labelled with 

known molecular weights in kilodaltons (kDa) marked on the left of each image. The 

YAP and TAZ antibodies showed binding at the relevant molecular weight in lanes 2-9, 

which contained protein lysate. 

 

 

 

 

 

 

 

 

 

 

100kDa 

75kDa 

50kDa 

150kDa 

200kDa 

TAZ (predicted 50 kDa) 

YAP (predicted 63 kDa) 

1       2       3       4        5         6         7       8         9       10 
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CTGF: 

 

 

 

 

Figure 8.10: Uncropped scan of western blot membrane pieces to show antibody 

specificity for connective tissue growth factor (CTGF). This western blot consisted of 5 

lanes (1-5, reading from left to right). Lane 1 contained a protein size ladder which is 

labelled with known molecular weights in kilodaltons (kDa) marked on the left of each 

image. The CTGF antibody showed binding at the relevant molecular weight in lanes 2-

5, which contained protein lysate. 

 

CyclinD1:  

 

 

 

Figure 8.11: Uncropped scan of western blot membrane pieces to show antibody 

specificity for CyclinD1. This western blot consisted of 15 lanes (1-15, reading from 

left to right). Lanes 1, 14 and 15 contained a protein size ladder which is labelled with 

known molecular weights in kilodaltons (kDa) marked on the left of each image. The 

CyclinD1 antibody showed binding at the relevant molecular weight in lanes 2-13, 

which contained protein lysate. 
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